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A mis padres, por ensen˜arme el camino.
A Raquel, por recorrerlo conmigo.
if you’re going to try, go all the
way.
otherwise, don’t even start.
if you’re going to try, go all the
way.
this could mean losing girlfriends,
wives, relatives, jobs and
maybe your mind.
go all the way.
it could mean not eating for 3 or 4
days.
it could mean freezing on a
park bench.
it could mean jail,
it could mean derision,
mockery,
isolation.
isolation is the gift,
all the others are a test of your
endurance, of
how much you really want to
do it.
and you’ll do it
despite rejection and the worst odds
and it will be better than
anything else
you can imagine.
if you’re going to try,
go all the way.
there is no other feeling like
that.
you will be alone with the gods
and the nights will flame with
fire.
do it, do it, do it.
do it.
all the way
all the way.
you will ride life straight to
perfect laughter, it’s
the only good fight
there is.
Charles Bukowski - Roll the dice
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Resumen de la tesis
Los discos protoplanetarios son una pieza clave para entender la existencia de planetas
alrededor de otras estrellas: es en ellos donde se forma la enorme cantidad de plane-
tas que hoy en d´ıa se sabe que pueblan la Galaxia. Compuestos de gas y polvo, los
discos protoplanetarios son producto de la conservacio´n de momento angular durante
la formacio´n estelar, y evolucionan en escalas de millones de an˜os hasta convertirse en
discos de deshecho o debris (similares al cinturo´n de Kuiper en el Sistema Solar), en mu-
chos casos generando adema´s uno o varios planetas en ese proceso. El estudio de dicha
evolucio´n, as´ı como de sus caracter´ısticas f´ısicas y composicio´n, permite comprender la
enorme diversidad de arquitecturas en sistemas planetarios alrededor de otros soles y
poner el Sistema Solar en un contexto gala´ctico.
Debido a su intere´s, los discos protoplanetarios se han estudiado activamente durante
las u´ltimas de´cadas. Misiones infrarrojas como IRAS, ISO, el Telescopio Espacial Spitzer
(de ahora en adelante Spitzer) o el Observatorio Espacial Herschel (de aqu´ı en adelante
Herschel) han permitido analizar la composicio´n y distribucio´n del polvo para una
gran cantidad de objetos. Observaciones de alta resolucio´n de diferentes tipos (o´ptica
adaptativa, interferometr´ıa, ...) han podido resolver estructuras en estos discos tales
como cavidades o brazos espirales, as´ı como estudiar la dina´mica del gas en ellos. Ma´s
recientemente, la incre´ıble resolucio´n y sensibilidad de ALMA esta´n produciendo datos
con un detalle nunca antes visto que promete revolucionar el campo de la formacio´n
planetaria. Junto con importantes avances en el campo teo´rico, este conjunto de datos
han conducido a un conocimiento global de los discos protoplanetarios y su papel
en la formacio´n de planetas de forma general. No obstante, en la actualidad existe
todav´ıa un gran nu´mero de cuestiones abiertas concernientes a estos objetos, entre otros
el mecanismo (o mecanismos) responsable de la evolucio´n de los discos, la influencia
de determinados factores (tales como la masa de la estrella, su multiplicidad, o su
entorno) en dicha evolucio´n, las interacciones entre el disco y los recie´n formados planetas
(causante en muchos casos de migraciones planetarias de varias AUs de distancia), o la
posibilidad de que existan diferentes caminos evolutivos para estos objetos.
A grandes rasgos, a d´ıa de hoy se sabe que los discos protoplanetarios sobreviven unos
diez millones de an˜os a lo sumo, con un tiempo caracter´ıstico de alrededor de tres
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millones de an˜os. En esta fase, la estrella incorpora material de las zonas internas del
disco, que es remplazado por material de las zonas externas. En algu´n momento de
su vida el disco empieza a evolucionar: ya sea debido a la fotoevaporacio´n producida
por la radiacio´n de la estrella, al efecto de una compan˜era estelar o subestelar, o al
propio proceso de formacio´n planetaria (entre otras opciones), el disco comienza a
dispersarse. A estos objetos en aparente proceso de transformacio´n se les denomina
discos de transicio´n, y son el foco de gran cantidad de estudios por razones obvias: si
la formacio´n planetaria es la causante de la evolucio´n de (algunos) discos, entonces los
discos de transicio´n son el lugar ido´neo para encontrar embriones planetarios o planetas
recie´n formados. Este proceso de transicio´n es relativamente ra´pido (alrededor de un
millo´n de an˜os), y da paso a un disco mucho menos masivo y pobre en gas, compuesto
principalmente de planetesimales y asteroides: un disco de debris.
En este marco, la presente tesis busca estudiar en ma´s detalle las diferentes escalas de
tiempo en la evolucio´n de los discos protoplanetarios. Se prestara´ especial atencio´n al
tratamiento de los datos para garantizar que la muestra utilizada es lo ma´s homoge´nea
posible, tenie´ndose en cuenta tambie´n el efecto de diferentes sesgos. Adicionalmente, se
estudiara´n datos de Herschel de la regio´n de formacio´n estelar Camaleo´n I, centra´ndonos
sobre todo en lo que este telescopio puede an˜adir a nuestro conocimiento sobre los discos
de transicio´n.
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0.1 Objetivos principales de la tesis
Los objetivos principales de este tesis son:
− Estudiar de forma homoge´nea la evolucio´n de discos protoplanetarios en regiones
de formacio´n estelar cercanas. Analizando la fraccio´n de discos en cada regio´n
en funcio´n de su edad es posible estimar el tiempo de vida de estas estructuras.
A pesar de que este tipo de estudios ya existen en la literatura, la gran mayor´ıa
de ellos ha utilizado datos provenientes de cata´logos y art´ıculos con diferentes
l´ımites de completitud y criterios de seleccio´n, lo que puede afectar a los resultados.
Con una muestra suficientemente grande y limpia, es posible tambie´n estudiar la
influencia de la masa de la estrella en la evolucio´n de los discos, que puede generar
importantes diferencias en las poblaciones de exoplanetas alrededor de estrellas
de baja y alta masa (estrellas T Tauri y Herbig Ae/Be respectivamente, con la
separacio´n en masa a ∼ 2M). Posteriormente a dicho estudio, utilizaremos el
conocimiento adquirido para tratar de entender el posible impacto de los resultados
en la formacio´n de sistemas planetarios.
− Adema´s, se analizara´n los datos de Herschel de la regio´n de formacio´n estelar
Camaleo´n I, en particular enfoca´ndonos en los discos de transicio´n de la regio´n. Uti-
lizando una lista de objetos de este tipo previamente conocidos, podemos estudiar
los datos del infrarrojo lejano en comparacio´n con los de discos protoplanetarios y
buscar posibles indicadores de evolucio´n en objetos transicionales. El modelado de
los discos de transicio´n incluyendo observaciones de Herschel y utilizando me´todos
de ana´lisis Bayesiano y Cadenas de Markov Monte Carlo permitira´ tambie´n cuan-
tificar la informacio´n que dichos datos aportan al proceso, y en particular estudiar
su impacto en las incertidumbres de los para´metros modelado.
Estos dos objetivos son complementarios, proporcionando a la vez una visio´n global de
la evolucio´n de los discos protoplanetarios que permite extraer resultados extrapolables
a otros a´mbitos de la astrof´ısica, y un ana´lisis ma´s detallado de los discos de transicio´n
en una regio´n concreta que permite obtener detalles de la f´ısica de los discos inasequibles
a los estudios ma´s generales.
0.2 Planteamiento y metodolog´ıa
Para evitar problemas de completitud y sesgos en el estudio de evolucio´n de discos
protoplanetarios, se reunira´ una base de datos de objetos estelares pertenecientes a 22
regiones de formacio´n estelar jo´venes (< 100 millones de an˜os) y cercanas (< 500 pc).
Dicha base de datos contendra´ objetos de diferentes estudios de poblaciones estelares
en las regiones consideradas. Para incluir un objeto en el estudio sera´ necesario que
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exista en la literatura una medida espectrosco´pica de su tipo espectral, evitando as´ı
la contaminacio´n por estrellas gigantes rojas y fuentes extragala´cticas que suponen un
problema para muestras seleccionadas fotome´tricamente. Posteriormente se cruzara´ la
base de datos con varios cata´logos fotome´tricos cubriendo desde el ultravioleta cercano
al infrarrojo medio. Una vez ajustada la extincio´n interestelar al tipo espectral cor-
respondiente, este proceso producira´ distribuciones espectrales de energ´ıa para cada
objeto, que pueden ser utilizadas para detectar la presencia de material circumestelar
mediante la identificacio´n de excesos infrarrojos. A continuacio´n se tendra´n en cuenta
los posibles sesgos en la muestra para corregir sus efectos. Hecho esto, se calculara´n
las fracciones de discos protoplanetarios en cada regio´n y se ordenara´n en funcio´n de
su edad, de forma que podamos estudiar su evolucio´n temporal. Posteriormente, se
utilizara´n isocronas para determinar la masa de las estrellas en la muestra y poder as´ı
analizar la presencia o ausencia de tendencias con dicho para´metro.
En el caso de los discos de transicio´n de Camaleo´n I, se compilara´ una lista de obje-
tos jo´venes conocidos en la regio´n. Sera´ necesario procesar los datos de Herschel para
obtener despue´s la fotometr´ıa correspondiente de estos objetos. A continuacio´n se com-
plementara´n estos datos con fotometr´ıa de otros cata´logos. De esta forma podra´ hacerse
una comparacio´n directa entre las distribuciones de energ´ıa de los discos protoplanetar-
ios y de transicio´n, identificando posibles diferencias. Un siguiente paso sera´ combinar el
co´digo de modelado de discos MCFOST junto con me´todos de ana´lisis Bayesiano para
estimar el impacto de los datos de Herschel en el proceso. Para que esta metodolog´ıa
sea computacionalmente eficiente, se empleara´n Cadenas de Markov Monte Carlo en el
modelado.
0.3 Resultados de la tesis
Los resultados de esta tesis han sido presentados en forma de tres art´ıculos publicados
(Ribas et al. 2013, 2014, 2015), y un art´ıculo adicional en preparacio´n. A continuacio´n
se presenta un resumen de los puntos ma´s significativos.
0.3.1 Evolucio´n de discos
− La base de datos de objetos estelares jo´venes producida contiene ma´s de 2 300
objetos con estimacio´n espectrosco´pica de su tipo espectral, as´ı como un valor de
su extincio´n y fotometr´ıa en hasta 35 bandas diferentes en algunos casos, cubriendo
desde el ultravioleta cercano hasta el infrarrojo medio. Cada distribucio´n espectral
de energ´ıa ha sido inspeccionada visualmente para descartar aquellos datos con
problemas obvios (saturacio´n, contaminacio´n por objetos cercanos,...), generando
la que seguramente es la muestra ma´s completa de objetos jo´venes en regiones de
formacio´n estelar hasta la fecha. Independientemente de los resultados cient´ıficos
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de la tesis, dicha base de datos tiene un inmenso valor para futuros estudios
estad´ısticos, y sera´ puesta a disposicio´n de la comunidad en un futuro.
− Las fracciones de discos protoplanetarios obtenidas revelan un tiempo de vida
caracter´ıstico de entre 2.4 y 4 millones de an˜os (dependiendo de la longitud de
onda utilizada para detectar discos), y un l´ımite de unos ∼ 10 millones de an˜os en
el tiempo total de vida de los discos. Este resultado esta´ en acuerdo con estudios
anteriores, pero es significativamente ma´s robusto gracias al gran taman˜o de la
muestra utilizada, el tratamiento homoge´neo y la consideracio´n de posibles sesgos
en el ana´lisis.
− Encontramos indicios de que los excesos en el infrarrojo cercano desaparecen
ligeramente antes y/o ma´s ra´pido que en longitudes de onda ma´s largas (con
diferencias en sus tiempo de vida caracter´ıstico de entre 0.5 y 1 millones de an˜os).
A pesar de que los resultados no son estad´ısticamente concluyentes, esto coincide
con un proceso de dispersio´n de discos de dentro a fuera, tal y como se espera si el
mecanismo de evolucio´n es la fotoevaporacio´n (en la actualidad, la comparacio´n
de observaciones con modelos parece indicar que este es el proceso dominante).
Adema´s, la pequen˜a diferencia entre los tiempos caracter´ısticos sugieren que la
dispersio´n del disco, independientemente de su origen, ocurre de forma ra´pida (∼
1 millo´n de an˜os).
− Encontramos un nivel aproximadamente constante de discos evolucionados (de
transicio´n y debris) de un ∼ 10 %, independientemente de la edad de las regiones.
Para regiones jo´venes (< 10 millones de an˜os), la gran mayor´ıa de estos discos
son discos de transicio´n. Este resultado, coincidente tambie´n con estudios previos,
puede combinarse con el tiempo ma´ximo de vida de los discos (∼ 10 millones
de an˜os) para estimar el tiempo que pasan los discos en la fase transicional,
obtenie´ndose un valor de un millo´n de an˜os en acuerdo con el punto anterior. Este
valor debe ser tratado con cautela ya que asume que todos los discos protoplane-
tarios pasan por una fase de transicio´n, algo que puede no ser cierto.
− Quiza´s el resultado ma´s innovador de la tesis sea la evidencia ma´s robusta hasta
la fecha de una dependencia de la evolucio´n de los discos con la masa de su
estrella hue´sped. Encontramos que las estrellas T Tauri entre 1-3 millones de
an˜os tienen un 60-65 % de discos protoplanetarios, frente a un 40 % en estrellas
Herbig Ae/Be. Para edades ma´s avanzadas (entre 3 y 11 millones de an˜os), un
20 % de estrellas T Tauri mantienen sus discos protoplanetarios, pero no es posible
encontrar ninguno alrededor de estrellas Herbig Ae/Be. El ana´lisis de estos resulta-
dos demuestra que la diferencia es estad´ısticamente significativa. Combinado con
resultados en regiones ma´s jo´venes (<1 millo´n de an˜os), los resultados sugieren
que los discos protoplanetarios evolucionan independientemente de la masa estelar
durante el primer millo´n de an˜os de su vida, y de ah´ı en adelante se ven afectados
por este para´metro.
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− Al dividir la base de datos en funcio´n de la masa estelar, tambie´n encontramos un
valor constante de discos evolucionados independientemente de la edad: un 5-15 %
de estrellas T Tauri y un 20-30 % de estrellas Herbig Ae/Be esta´n rodeadas de
discos de transicio´n o debris. Aunque varios estudios indican que la incidencia
de discos de debris es mayor alrededor de estrellas masivas, en el caso de nuestro
ana´lisis esto puede deberse a que existan dependencias importantes entre la regio´n
del disco que emite a una cierta longitud de onda y la masa de la estrella.
− La dependencia del tiempo de vida de los discos protoplanetarios con la masa
de la estrella puede jugar un papel fundamental en la formacio´n y evolucio´n
de sistemas planetarios, reduciendo el tiempo disponible para formar planetas
alrededor de estrellas Herbig Ae/Be en comparacio´n con objetos T Tauri. Adema´s,
la migracio´n de planetas causada por su interaccio´n con el disco tambie´n actuara´
durante per´ıodos ma´s cortos en estrellas masivas, pudiendo as´ı producir diferentes
poblaciones de exoplanetas en estrellas de diferentes masas e incluso explicar, al
menos en parte, la aparente falta de planetas tipo hot Jupiter alrededor de estrellas
con masas M> 1.5M.
0.3.2 Discos de transicio´n en Camaleo´n I con Herschel
− Utilizando fotometr´ıa de los instrumentos PACS y SPIRE de Herschel, se ex-
ploraron las poblaciones de objetos jo´venes en las regiones de formacio´n estelar
Camaleo´n I y II. Se analizo´ en particular la poblacio´n de discos de transicio´n en
la regio´n. Todos los discos de transicio´n detectados se encuentran en la regio´n de
Camaleo´n I. Se demostro´ que combinando datos en infrarrojo medio (∼ 10µm) con
los flujos a 70µm de Herschel se pueden identificar eficientemente discos con una
pendiente pronunciada en su distribucio´n espectral de energ´ıa, una caracter´ıstica
t´ıpica de los discos de transicio´n. Debido a la gran cantidad de observaciones
realizadas por este telescopio, este me´todo es especialmente u´til cuando no existen
datos a longitudes de onda ma´s alla´ de 10µm (por ejemplo de los instrumentos
IRS o MIPS de Spitzer). Dicho proceso ha sido aplicado con e´xito posteriormente
en Lupus (Bustamante et al. 2015) y Ophiuchus (Rebollido et al., submitted), e
incluso ha permitido encontrar un nuevo candidato en esta u´ltima regio´n.
− Los flujos obtenidos para los seis discos de transicio´n detectados y que cumplen
el criterio de identificacio´n propuesto se compararon con los flujos de discos pro-
toplanetarios en la regio´n, encontra´ndose que todos los objetos transicionales
mostraban pendientes ma´s pronunciadas en el infrarrojo lejano, adema´s de ex-
cesos a 70µm por encima del tercer cuartil de los discos protoplanetarios. Este
hecho puede indicar un cierto confinamiento de la masa en regiones intermedias de
los discos de transicio´n. Aunque se han encontrado resultados similares en otras
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regiones, hasta el momento la evidencia de este feno´meno es marginal y debe ser
estudiado en ma´s profundidad.
− El ana´lisis Bayesiano combinando Cadenas de Markov Monte Carlo con MCFOST
para tres discos de transicio´n demuestra que los datos de Herschel pueden utilizarse
para estimar la masa de los discos con incertidumbres de aproximadamente un
orden de magnitud si disponemos de datos hasta 500µm. Adema´s, el radio interno
de los discos queda determinado con mayor precisio´n utilizando dichos datos. Los
valores obtenidos en los modelos esta´n en concordancia con resultados previos
existentes en la literatura. Estimamos que el procedimiento utilizado es al menos
100 veces ma´s ra´pido que el me´todo habitual de generar una red de modelos fija, y
tiene un gran potencial para futuros ana´lisis de grandes muestras. Debido a la gran
cantidad de datos de Herschel existentes, supone tambie´n un ahorro sustancial
en la cantidad de tiempo observacional necesario para estimar la masa de objetos
en regiones de formacio´n estelar, ya que en muchos casos podra´ medirse la masa
realiza´ndose un estudio similar al aqu´ı presentado sin necesidad de observaciones
submilime´tricas adicionales desde tierra.
− Los valores de masas de polvo obtenidos para los tres discos de transicio´n modela-
dos son similares a los encontrado en otros estudios para discos protoplanetarios.
Aunque debido a la gran dispersio´n e incertidumbres en estas medidas no es posible
hacer una afirmacio´n robusta, si esta tendencia ya encontrada por otros autores es
real (que los discos de transicio´n son tanto o ma´s masivos que los protoplanetarios)
esto podr´ıa dar indicaciones del origen de la fase de transicio´n: dado que estos
objetos han perdido parte de su masa para alcanzar su estado actual, sus discos
primigenios han de ser incluso ma´s masivos. Es posible entonces que los discos
de transicio´n sean el resultado de discos protoplanetarios con una gran cantidad
de masa que han formado varios planetas gigantes, explicando as´ı las cavidades
observadas en ellos.
− El modelado indica tambie´n que los discos de transicio´n tienen o bien menos
acampanamiento en su estructura, o perfiles de densidad ma´s extremos, dando
cuenta as´ı de la pronunciada pendiente en la zona del infrarrojo lejano de sus
distribuciones espectrales de energ´ıa. El primer caso podr´ıa sen˜alar que estos
discos han sufrido sedimentacio´n del polvo hacia su plano medio, mientras que
el segundo sugiere un apilamiento de masa en regiones intermedias del disco.
Ambos resultados esta´n en l´ınea tambie´n con otros trabajos previos, aunque la
evidencia obtenida u´nicamente con el modelado de fotometr´ıa de Herschel es au´n
estad´ısticamente poco significativa.
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0.4 Trabajo y l´ıneas de investigacio´n futuras
La muestra compilada de objetos estelares jo´venes es una herramienta u´nica que puede
utilizarse para una gran variedad de ana´lisis estad´ısticos, proporcionando una base so´lida
para futuros estudios de poblaciones estelares y evolucio´n de discos protoplanetarios.
Por ejemplo, estudios sobre la supervivencia de discos en presencia de fuertes campos de
radiacio´n externos (cerca de asociaciones OB) o en entornos muy/poco poblados podr´ıan
revelar otros factores importantes en la evolucio´n de estos objetos. Complementar dicha
base de datos con espectros infrarrojos como los tomados por el instrumento IRS
de Spitzer permitir´ıa un estudio estad´ıstico de la composicio´n del polvo en discos,
directamente relacionada con la composicio´n de los planetas que se formen en ellos.
Mediante la aplicacio´n de criterios de seleccio´n simples y combinando la base de datos
con objetos en la literatura, hemos reunido una muestra de unos 100 discos de transicio´n
con distribuciones espectrales de energ´ıa que sugieren la presencia de un agujero en su
disco, adema´s de otros ∼ 50 objetos con posible evolucio´n por sedimentacio´n de polvo
hacia su plano medio. En la actualidad, estamos incluyendo los espectros IRS de dichas
fuentes para realizar un estudio sistema´tico de las propiedades de los discos, analizando
por ejemplo los diferentes taman˜os de sus agujeros para compararlos con las o´rbitas de
exoplanetas conocidos.
El modelado Bayesiano de discos de transicio´n con datos de Herschel ha revelado que
la fotometr´ıa en longitudes de onda submilime´tricas del instrumento SPIRE permite
estimar la masa de polvo de los discos con una incertidumbre de un orden de magnitud.
A pesar de que estas medidas pueden mejorarse con informacio´n a longitudes de onda
mayores (milime´tricas), en muchos casos dichas medidas no existen en la literatura.
La combinacio´n de la base de datos con observaciones del telescopio Herschel no solo
producira´ una gran cantidad de distribuciones espectrales de energ´ıa completas desde el
ultravioleta cercano hasta el infrarrojo lejano, sino que abre la posibilidad de estudiar
la distribucio´n de masas de discos con un taman˜o de muestra sin precedentes hasta el
momento.
Los resultados de esta tesis demuestran que un tratamiento homoge´neo de una gran
cantidad de datos pu´blicos junto con procedimientos de modelado optimizados para
grandes muestras (p.e., Cadenas de Markov Monte Carlo) tienen un potencial enorme
para extender nuestro conocimiento de los discos protoplanetarios y su relacio´n con la
poblacio´n de exoplanetas. Dado el creciente nu´mero de cata´logos pu´blicos y el gran
taman˜o de archivos cient´ıficos como el de Herschel, la utilizacio´n de estos me´todos puede
revelar nuevas tendencias en diferentes para´metros de los discos protoplanetarios.
En el futuro cercano, el camino ma´s prometedor para explotar la presente base de
datos son las observaciones del telescopio ALMA. Dadas su resolucio´n y sensibilidad,
un seguimiento de los objetos ma´s interesantes revelara´ la estructura y evolucio´n de los
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discos en much´ısimo ma´s detalle que cualquier trabajo previo. ALMA puede resolver
estructuras en los discos que no son identificables en distribuciones espectrales de energ´ıa,
as´ı como trazar la dina´mica del gas e incluso mostrar la posicio´n de la l´ınea de hielo (la
distancia a la cual el gas puede formar hielo alrededor de los granos de polvo, facilitando
enormemente la formacio´n de planetas). Junto con la informacio´n en la base de datos y
el estudio mineralo´gico a partir de espectros de IRS, los datos de ALMA completara´n
una visio´n pancroma´tica de los discos protoplanetarios, ayudando as´ı a entender mejor
la ge´nesis planetaria.
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Abstract
The main aim of this work is to better understand the evolution of protoplanetary
disks around young stars in the solar neighborhood. It comprises three first authored
published papers, a fourth paper about to be submitted, and additional research as
participation in six other refereed papers, which I coauthored during the period of this
thesis.
To asses disk evolution homogeneously, we compile a large sample of more than 2 300
members of 22 young (< 100 Myr) nearby (< 500 pc) star-forming regions and associ-
ations. All these objects have spectroscopic confirmation of membership to their host
young association and measurements of their spectral types, which is complemented with
photometry from up to 35 different filters covering from near ultraviolet to mid-infrared
wavelengths. After considering possible biases, we consistently estimate the fraction
of disks as a function of age. We obtain a characteristic disk lifetime of ∼3 Myr, in
agreement with previous studies. We also find that disk dispersal occurs in ∼ 1 Myr and
tentative evidence of this process acting from inside out, suggesting that photoevapora-
tion plays an important role in disk evolution. The unprecedented size of this sample
provides the most robust confirmation up to date of a dependence of disk evolution
with stellar mass, with T Tauri stars maintaining their disks for longer periods than
Herbig Ae/Be stars. This result may have an important influence on planet formation
and exoplanetary populations. It may also represent the first direct link achieved be-
tween a statistical property of protoplanetary disks and a statistical property of the
exoplanetary systems at later phases, and constitutes one of the big new results from
this thesis.
We also explore the population of young disks in the Chamaeleon star-forming complex
with Herschel data, in particular focusing on transitional disks in Chamaeleon I. We
find that the six transitional targets in the sample detected with Herschel have 70µm
excesses higher than 75 % of the Class II objects in the region. Further modeling of these
disks reveals that Herschel SPIRE photometry can be used to efficiently constrain the
mass of dust in these sources, one of the most relevant parameters for planet formation.
The modeling also shows evidence for anomalous outer regions of transitional objects
when compared to full protoplanetary disks.
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Introduction
Understanding our origins has been one of the biggest human quests since the dawn
of mankind. In particular, the possibility of other habitable (or even inhabited) worlds
is a fascinating thought that has captured human imagination for thousands of years.
During the last two decades, we have gone from no known planet outside our Solar
System to more than 1 800 worlds around other suns as of this writing, with a diversity
greatly beyond our most optimistic expectations. Not only do these distant and exciting
planets bring the promise of unprecedented, revolutionary discoveries, but they also
hold clues to our own existence allowing to put the Solar System in a a galactic context.
For these reasons, understanding the conditions and processes involved in the formation
of planetary systems is extremely important, both from the scientific and philosophical
perspectives.
In this work, we study different aspects of the evolution of protoplanetary disks (the
place of planet formation) in the solar neighborhood. We have compiled a large sample
of spectroscopically confirmed young stellar objects in well known nearby star-forming
regions and complemented it with multi-wavelength photometry from several catalogs,
covering from the near ultraviolet to the mid-infrared. We then applied a homogeneous
treatment to all the sources. This sample, together with statistical analyses, allows
to consistently study protoplanetary disk lifetimes and their dependence with stellar
mass, which may have important consequences for planetary populations. We also use
data from the Herschel Space Observatory (Herschel) to analyze in greater detail the
population of the transitional disks (disks with hints of on-going planet formation) in
the Chamaeleon I molecular cloud, and determine the conditions of their outer regions
with Herschel ’s far-infrared (FIR) data
This chapter provides a general introduction to the characteristics and evolution of
protoplanetary disks. It contains a general perspective of the history of the field, a
1
2 1.1. Historical and observational perspectives
description of the most important parameters of their architecture, and a global view
of the current understanding of disk evolution.
1.1 Historical and observational perspectives
Observationally, the fact that T Tauri stars (young, low-mass stars with strong emission
lines in their spectra, Joy 1945; Herbig 1962) display excess above photospheric levels
both at the ultraviolet and near-infrared (NIR) regimes was first noted in the fifties
in color-magnitude diagrams of young clusters (e.g., Walker 1956, 1957, 1959), and
later confirmed in dedicated NIR observations (e.g., Mendoza V. 1966, 1968). In a
beautiful theoretical study, Lynden-Bell & Pringle (1974) studied several aspects of
viscous disks and found them to be a promising explanation for the observed properties
of several young stellar objects (YSOs). However, several other explanations could also
be given to this phenomenon. Due to the instrumental restrictions to perform infrared
(IR) observations for wavelengths > 10µm from ground-based observatories at the time,
little data were available and it took one whole decade to get this theory confronted with
new data. Using the Kuiper Airbone observatory, Cohen (1983) managed to measure
50 and 100µm fluxes for the HL Tau protoplanetary disk, finding strong IR excess
with respect to the photosphere and proposing that it could arise from an edge-on
disk surrounding this source. That same year, the IRAS mission (Neugebauer et al.
1984) was launched, providing the first mid-infrared (MIR) and FIR survey of the whole
sky (at 12, 25, 60 and 100µm) and opening a completely new wavelength range for
new discoveries. Among its large number of findings, IRAS provided evidence of the
presence of a debris disk around Vega (Aumann et al. 1984), which was first interpreted
as emission from a surrounding shell rather than a disk. Beall (1987) and Adams et al.
(1987) found that IRAS observations of YSOs could be easily explained by the disk
model in Lynden-Bell & Pringle (1974), and afterwards Adams et al. (1988) noted
that a flat-disk model was not completely accurate, since its outer regions had to be
slightly warmer to properly reproduce the observed FIR fluxes (the first indication
of flaring in disks). Using data from the IRAS catalog together with ground-based
observatories, Cohen et al. (1989) and Strom et al. (1989) performed the first statistical
study of the circumstellar disk population in the Taurus-Auriga region, finding them
to be common around YSOs. Beckwith et al. (1990) later found a similar trend using
1.3 millimeter (mm) observations. At the same time, other data were also pointing in
the same direction: polarization observations around YSOs by Elsasser & Staude (1978)
found a high level of polarized light around these objects, suggesting the presence of
dust grains symmetrically arranged around stars. MIR spectroscopy of YSOs revealed
silicate emission and absorption features around these objects, giving an indication
of the composition of the dust and suggesting that these materials are confined in
flattened, disk-like structures, rather than distributed in envelopes. Also, collimated jets
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discovered in YSOs pointed to preferential axes in these systems (e.g., Mundt & Fried
1983). Although indirect, evidences of the existence of circumstellar disks were starting
to accumulate.
Figure 1.1: Top: protoplanetary disk silhouettes in Orion, as observed by HST (O’dell & Wen
1994). Bottom: HST observations of the HH 30 (left, Burrows et al. 1996) and IRAS04302+2247
(right, Padgett et al. 1999) edge-on disks. These images reveal their flared structures and the
presence of jets in these objects. Wavelengths for all these images are optical and/or NIR.
It was through images from the Hubble Space Telescope (HST ) that the predicted
disk structure was confirmed. Because of their high opacities, disk silhouettes could be
clearly seen in front of the reflection nebula in Orion (O’dell & Wen 1994; McCaughrean
& O’dell 1996, see Fig. 1.1). Additional observations of edge-on disks such as HH 30
(Burrows et al. 1996) or IRAS 04302+2247 (Padgett et al. 1999) also confirmed that
disks have a certain degree of flaring.
The field of protoplanetary disks experienced a significant expansion with the advent of
new observing facilities and surveys with better sensitivity, spatial and spectral resolution,
and coverage. The Infrared Space Observatory (ISO, Kessler et al. 1996) and specially
the Spitzer Space Telescope (Spitzer, Werner et al. 2004) yielded MIR observations for
thousands of objects, increasing the amount of available data and producing a full, gen-
eral picture of protoplanetary disks in several star-forming regions (c2d Spitzer Legacy
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Figure 1.2: The SAO 206462 disk as seen in the H band by the HiCIAO instrument at the
Subaru Telescope, revealing spiral arms in its structure. These features may be produced by the
influence of young planets inside protoplanetary disks. (Muto et al. 2012)
Program, Evans et al. 2009). Interferometric observations in the (sub)mm regime also im-
proved, resolving fainter, smaller structures in disks (e.g., Andrews et al. 2011). Advanced
observing techniques such as Sparse Aperture Masking (SAM), spectro-astrometry, and
Angular and Simultaneous Differential Imaging (ADI, SDI) are revealing the morphology
of these disks with unprecedented detail (e.g., Hue´lamo et al. 2011; Muto et al. 2012;
Cieza et al. 2013; Close et al. 2014, see Fig. 1.2). The AKARI satellite (Murakami et al.
2007) covered the sky from 9 to 180µm, completing the spectral energy distributions
(SEDs) of a large number of sources into the FIR regime. Later, FIR Herschel obser-
vations covered large areas of the sky and probed the emission from dust and gas in
the outer regions of these disks (e.g., Dent et al. 2013). Finally, the incredible resolving
power and sensitivity of ALMA will completely revolutionize the whole field in the
following years, and has already traced dust traps (van der Marel et al. 2013) and flows
of gas in the inner regions of circumstellar disks (Casassus et al. 2013).
For interested readers, the history of this field can be studied in much more detail
following publications in the Protostars and Planets series, which is held periodically
and reviews the current understanding of protoplanetary disks within the star and planet
formation context (e.g., Dutrey et al. 2014; Alexander et al. 2014; Espaillat et al. 2014).
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1.2 Protoplanetary disks
Protoplanetary disks are rotating, optically thick disks of gas and dust that can be
found around young stars (< 10 Myr, e.g., Herna´ndez et al. 2007a, 2008; Mamajek 2009;
Ribas et al. 2014). As described in the previous section, they have been widely studied
in the past and a global understanding of these objects already exists. Here we describe
some of their general properties and evolutionary mechanisms relevant for this work.
1.2.1 Protoplanetary disk formation
Circumstellar disks appear during star formation as a natural consequence of angular
momentum conservation. Star formation occurs during the fragmentation of molecular
clouds when they become gravitationally unstable, possibly by an external perturbation
(e.g., a supernova explosion). As this contraction takes place, sub-regions of the cloud
satisfy the Jeans criterion themselves and fragment into smaller, collapsing regions
known as pre-stellar cores. These objects have masses between a fraction and some solar
masses (e.g., Enoch et al. 2008), and are the precursors of stellar systems (see Li et al.
2014, for a recent review on this topic).
Any initial rotation of the core is tremendously magnified during the contraction to
preserve angular momentum, creating a rotating disk around the forming star early
in this process (∼ 0.5 Myr, Evans et al. 2009). At this point, the star-disk system is
still surrounded by a massive, infalling envelope of material (see Fig. 1.3). The initial
disk grows rapidly in radius as material from the envelope is accreted onto the disk
(Terebey et al. 1984). However, observations reveal that the disk mass remains almost
constant once the disk has formed, pointing to a fast transport of material from the
disk to the star (Looney et al. 2003; Jørgensen et al. 2009). After ∼ 1 Myr, the envelope
has been completely dispersed by the mentioned accretion process and possible outflows
in the system, leaving a young star with an optically thick disk of gas and dust: a
protoplanetary disk.
A complete characterization of this evolutionary stage remains elusive. The envelope
reprocesses the emission from the disk at short wavelengths and completely dominates
the flux at longer ones, making it extremely challenging to directly observe the disk at
this point. Moreover, the formation of a rotationally supported disk from core collapse is
not trivial: cores are known to have significant magnetic fields (e.g., Troland & Crutcher
2008; Crutcher 2012; Stephens et al. 2013), usually with strengths of tenths of the local
gravitational field. Although not enough to drive the collapse itself, these fields may
play an important role during disk formation, but their real contribution and effects are
still not well known (Li et al. 2014).
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Figure 1.3: L’ band (left) and IRAC 3.6µm (right) images of the L1527 protostar in the
Taurus star-forming region (Tobin et al. 2010). Spitzer images show a bipolar cavity and envelope,
thousands of AU wide. Higher resolution L’ band observations from the Gemini North telescope
resolve the inner source and reveal a smaller disk-like structure seen close to edge-on as two
main lobes, probably one of the youngest disks imaged so far.
1.2.2 Physical characteristics of protoplanetary disks
This section describes some of the most important characteristics of protoplanetary
disks. A much more detailed review on this topic can be found in Dullemond et al.
(2007) from the Protostars and Planets V volume.
1.2.2.1 Mass
The mass of protoplanetary disks is one of the most relevant parameters of these objects,
since it represents the available mass reservoir to form planets. However, it is also one
of the most difficult and complex quantities to measure given the large uncertainties in
several related parameters that come into play.
Most protoplanetary disks are optically thick in a large range of wavelengths, meaning
that the observed fluxes are not representative of the total amount of mass in them.
However, the disk becomes optically thin at (sub)mm fluxes, and the continuum emission
from cold grains provides a direct estimate of the total dust mass in the disk (Beckwith
et al. 1990):
Md =
d2Fν
κνB(Tc)
where d is the distance, Fν is the observed flux at frequency ν, κν is the corresponding
opacity, and B(Tc) is the characteristic temperature of the dust (Hildebrand 1983). A
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Figure 1.4: Observed distribution of protoplanetary disk masses (log-scale) for three star-
forming regions: Taurus, Ophiuchus and σ Orionis. Filled bars show ranges where observations
are complete. Disk masses were computed assuming a maximum grain size of 1 mm and a gas-to-
dust ratio of 100, as shown in the x-axis. For comparison, the estimated value of the Minimum
Mass Solar Nebula (the minimum mass required to form the Solar System) is ∼ 0.02M. Figure
adapted from Williams & Cieza (2011).
different approach is to develop physical disk models and compare them with obser-
vations (e.g., Calvet et al. 2002; Dullemond & Dominik 2004a; D’Alessio et al. 2006;
Pinte et al. 2006). This procedure suffers from the same issue than mass estimates via
monochromatic fluxes, since (sub)mm fluxes are required to put some constrains on
the mass - otherwise, models are insensitive to this parameter. However, these results
depend on several other (and mostly poorly constrained) parameters such as the dust
composition and opacity, the surface density profile, the amount of mass hidden in
large particles (which are inefficient emitters and untraceable by most observations,
e.g., D’Alessio et al. 2001; Draine 2006), or the gas-to-dust ratio (usually set to 100:1
as in the interestellar medium, which is probably a naive assumption and may change
significantly from one source to another, e.g., Thi et al. 2010, 2014). The combination
of all these make disk mass estimates significantly uncertain.
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Despite these limitations, several studies have probed dust masses, mainly using (sub)mm
data. Beckwith et al. (1990) performed the first large survey of 1.3 mm observations of the
Taurus-Auriga region, later extended by Andrews & Williams (2005) in the same region,
and in the Ophiuchus molecular cloud by Andrews & Williams (2007). Their results
found a median disk mass around 5×10−3M−1×10−2M in these regions, but with a
large dispersion (see Fig. 1.4). Additional studies have also revealed that the disk mass
typically scales with that of the stellar host, following Md/M∗ ∼ 0.001− 0.01 (Andrews
et al. 2013; Mohanty et al. 2013). These values are consistent with gravitationally
stable disks, i.e., disks with masses not enough to produce important gravitational self-
perturbations of themselves (gravitational instabilities require disk masses ∼ 10 %M∗
or higher, Lodato et al. 2005).
Finally, it is also interesting to compare these values with the minimum mass solar
nebula (MMSN): the disk from which the Solar System formed (Weidenschilling 1977;
Hayashi 1981). Rough estimates for the total disk mass required to form a planetary
system like our own yield values of M ∼0.02M. When confronted with the formerly
mentioned measurements protoplanetary disks masses, this suggests that approximately
half of the observed YSOs have the potential to develop complete planetary systems like
the Solar System. Those with lower masses, however, may also be capable of forming
smaller and/or less planets, producing a large variety of planetary architectures around
other stars.
1.2.2.2 Inner radius and size
Protoplanetary disks do not reach the surface of their stellar hosts. Instead, they are
truncated at a given distance, usually of the order of tenths of an AU. There are two
main reasons which are thought to produce this effect:
− Dust sublimates above a given temperature value. The temperature at which this
occurs depends on the dust composition, but canonical values for astronomical
silicates are in the range of 1400-1500 K. The star-disk distance at which this
occurs is known as the sublimation radius, and marks the limit at which dust
can survive. Because such high temperatures are only reached in the very inner
regions of disks, the sublimation radius can only be measured with high resolution
interferometry (e.g., Eisner et al. 2005) or modeling of the observed fluxes (e.g.,
Muzerolle et al. 2003a). These techniques have revealed a good agreement between
the observed location of the sublimation radius and theoretical predictions.
− For radii below the sublimation radius, matter can only exist in gaseous form.
However, the resulting gaseous inner disk is also truncated at shorter distances
due to the magnetic field of the star: at the point where the force of infalling
material is overcome by the stellar dipole field, material is accreted onto the star
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following the magnetic field lines (e.g., Koenigl 1991). The radius at which this
force balance is reached is the magnetospheric truncation radius, and its value is
usually of a few stellar radii. As in the previous case, gas velocity observations of
protoplanetary disks (e.g., CO, Carr 2007) agree with the expected values.
As formerly mentioned, AU-scale structures can only be observed with very high spatial
resolution (milliarseconds) even for the closest star-forming regions such as Taurus or
Ophiuchus, and direct imaging these structures is beyond the resolution limit in most
cases. For this reason, our current knowledge of the real shape and structure of the inner
regions of disk comes mainly from models rather than direct detections. Also, the inner
radius appears to be much larger than the sublimation radius in some cases. These disks
are known as transitional disks, and are particularly interesting for reasons that will be
described later in this thesis.
Because the outer regions of disks are very tenuous (see Sect. 1.2.2.3), disk sizes (or
outer radius) are also hard to measure. This parameter is usually explored in the mm
regime, probing the coldest material in the disk. Either via interferometric imaging
or gas observations (e.g., Hughes et al. 2008; Isella et al. 2009; Schaefer et al. 2009;
Pineda et al. 2014), a large variety of outer radii are found, typically of some hundreds
of AUs (Williams & Cieza 2011). A special mention is required for protoplanetary disk
silhouettes in Orion, visible due to the H II emission nebula behind the objects. Using
data from HST, Vicente & Alves (2005) were able to measure outer radii for 22 YSOs,
ranging from 50 AU to 620 AU (see Fig. 1.1).
1.2.2.3 Scale height, disk flaring, surface density, and temperature profiles
Protoplanetary disks are quasi-stable structures, which persist in time for some Myr
(e.g., Haisch et al. 2001b; Herna´ndez et al. 2007b; Mamajek 2009; Ribas et al. 2014).
This implies that they are in hydrostatic equilibrium, and the disk temperature, density
and flaring are interconnected quantities in them.
After the first FIR observations of protoplanetary disks, their FIR fluxes were found
to be higher than those predicted for flat disks (Rucinski 1985; Kenyon & Hartmann
1987), indicating that their outer regions were hotter than expected from the flat disk
model. Disk flaring is a natural consequence of the hydrostatic equilibrium: stellar
gravity confines the material in the disk, whereas thermal energy in the disk tends
to expand it. With a flared geometry, the outer disk intercepts more stellar radiation,
increasing its temperature and accounting for the larger FIR fluxes observed (Calvet
et al. 1992). Because of this flaring, the scale height of the disk (h) increases radially,
usually following a power-law dependence of the form H(r) ∝ rh, where the flaring
index h has values between 1.1 - 1.3 (e.g., Chiang & Goldreich 1997). This value can
decrease during the evolution of the disk if the dust in the system settles toward the
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Figure 1.5: Schematic view of the structure of a protoplanetary disk. Some of the physical
and chemical processes occurring in these objects are shown in the right side of the cartoon.
The left side displays the different regions traced by several observatories/telescopes. Figure by
S. Bruderer, taken from van Dishoeck (2014).
mid-plane (see Sect. 1.3). A schematic representation of the typical disk geometry is
shown in Fig. 1.5.
The temperature of protoplanetary disks decreases with radius. The inner regions are
closer to the star and hence hotter, reaching values above 1000 K, while the outer disk
is much colder, with temperatures of tens of K. The functional form of the temperature
shape with radius depends strongly on the overall characteristics and composition of
these structures, and is usually assumed to follow a power-law as in the case of the
flaring, T (r) ∝ r−q (e.g., Beckwith et al. 1990).
A similar dependence is assumed for the surface density Σ (i.e., the average disk density
at a given radius), Σ(r) ∝ r−p, with p having values between 0.5-1 (Andrews et al. 2009).
This parameter has a strong impact on planet formation since it determines the amount
of mass at different distances from the star (e.g., matter only exists in gaseous form in the
very inner regions of the disk, and planets cannot form, whereas the decrease of density
at larger distances make it extremely difficult to form large planets). When resolved
(usually via high-resolution mm interferometry), the surface density of protoplanetary
disks can be compared with a rough estimate of that of the MMSN by studying the
masses of planets in the Solar System. These comparisons show that, in several cases,
the observed surface densities are similar to that of the predicted progenitor disk of our
own planetary system (see Fig. 1.6).
It should be mentioned that protoplanetary disks are significantly more complex, and
other effects such as vertical temperature gradients, dust settling, or puffed-up inner rims
may play an important role in the described characteristics of these objects. Much more
detailed discussion on this is available in the literature, for example in the Protostars
and Planets V reviews by Najita et al. (2007) and Dullemond et al. (2007), and in the
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Figure 1.6: Comparison of the observed surface density values (colored solid lines) for several
objects with the estimated MMSN values for the giant planets in the outer Solar System (gray
boxes). The values are compatible in several cases, revealing that the formation of full planetary
systems in these disks is a feasible possibility. Figure from Williams & Cieza (2011).
theoretical works in Calvet et al. (1992), the series of papers by Paloa D’Alessio (e.g.,
D’Alessio et al. 1998, 1999, 2006), Kama et al. (2009), or Armitage (2011) to cite a few.
1.2.3 Spectral energy distributions and classes of protoplanetary disks
One of the most common ways to study protoplanetary disks (and the one mostly
used in this work) is via their SEDs, which are a representation of the observed fluxes
as a function of wavelength. SEDs contain information about different aspects of the
star+disk system, and can be used to derive estimates for several disk parameters.
Following this idea, Lada (1987) proposed a classification of YSOs based on the slope
of their SEDs in the IR , defined as:
α =
d log (νFν)
d log (ν)
=
d log (λFλ)
d log (λ)
This classification used the slope between 2 and 20µm to separate YSOs in three groups
(Class I, II, and III), following different stages of YSO evolution. Later on, Andre´ et al.
(1993) added an earlier stage (Class 0), and Greene et al. (1994) included a sub-division
between Class I and Class II sources. The classification based on α is generally adopted
to be as follows:
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Figure 1.7: Schematic SEDs of Class I (top), Class II (middle) and Class III (bottom) YSOs.
Solid lines depict the total observed SEDs, dashed lines the corresponding stellar emission,
approximated here by blackbodies. Figure from Lada (1987).
− Class 0: α > 3 and very faint fluxes (usually undetectable) for wavelengths shorter
than 20µm. This stage corresponds to protostars, and the emission is dominated
by the thermal radiation from the surrounding cold dust.
− Class I: objects with 0.3 ≤ α ≤ 3. These sources emit the bulk of their radiation in
the MIR/FIR regimes, suggesting that a large amount of material is surrounding
the central star and reprocessing the stellar radiation. This class corresponds to
the initial stages of star and disk formation, when a massive envelope can be found
around the star.
− Flat spectrum: objects with −0.3 ≤ α ≤ 0.3. Sources with a dispersing envelope.
INTRODUCTION 13
− Class II: meeting −1.6 ≤ α ≤ −0.3. These objects, with less IR emission than
the previous case, would be typical protoplanetary disks, where most of the IR
emission comes from material confined in the disk and no or a very diluted envelope
is left around the system.
− Class III: with α ≤ −1.6. In this case, the emission from the disk is weaker or even
negligible, suggesting that most of the material has already been either accreted
onto the star or dispersed. This class represent more evolved disks, probably in
the last stages of dissipation.
The “Class” system has been extensively used through the literature (see Fig. 1.7 for a
graphical representation). Despite its limitations (e.g., Dunham et al. 2014), it has been
a key tool to develop a general understanding of the evolution of YSOs across different
star-forming regions (e.g., c2d Spitzer Legacy program, Evans et al. 2009).
Although not so relevant for this work, YSOs can also be classified with different crite-
ria by their emission features in their optical/NIR spectra (e.g., Edwards et al. 1994;
Barrado y Navascue´s & Mart´ın 2003). Emission lines in young stars are mostly due
to mass accretion, and those objects with strong emission features (such as Hα) are
typically referred to as “classical T Tauri stars” (CTTSs). Objects with weaker accre-
tion signatures are known as “weak-lined T Tauri stars” (WTTSs). As expected, most
CTTSs have Class II SEDs, whereas WTTSs correspond to Class III sources.
1.3 Protoplanetary disk evolution
As described in Sect. 1.2.1, protoplanetary disks are a natural consequence of star for-
mation, but most main sequence stars in the Galaxy are diskless. Also, most disks are
found to be accreting gas onto their host stars. This all tells us that protoplanetary
disks evolve and disperse after a given time. Understanding the mechanism (or mecha-
nisms) causing this evolution and their timescales provides crucial information to better
comprehend planetary systems: as an example, gas giant planets can only form when a
considerable amount of mass is still available in the disk, imposing a strict time limit
for this process to take place.
If one combines the observed disk masses (0.001 - 0.1M, Andrews & Williams 2005)
with typical accretion rates 10−7-10−10M/yr, protoplanetary disks should run out of
mass in some Myr time. Further evidence for this timescale comes from disk fractions in
clusters, which have shown that both IR excess and accretion signatures decrease with
characteristic times τ ∼ 3 Myr (Haisch et al. 2001b; Herna´ndez et al. 2007b; Mamajek
2009; Fedele et al. 2010; Ribas et al. 2014). Moreover, the number of objects with signs
of disk clearing (known as “transitional disks”, see Sect. 1.4 and Espaillat et al. 2014)
is usually 10 % of the total fraction of disks, suggesting that this process occurs rapidly
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(Andrews & Williams 2005; Mer´ın et al. 2010; Luhman et al. 2010; Koepferl et al. 2013;
Ribas et al. 2014).
The bulk of the mass of protoplanetary disks is in gaseous state (although uncertain,
the gas-to-dust mass ratio is usually assumed to be 100:1). Therefore, gas strongly
dominates the disk dynamics, and its viscosity plays a crucial role in its evolution.
Viscous accretion and evolution are the most important processes at early disk stages
(when the disk is gas rich), and the observed disk lifetimes are consistent with theoretical
predictions (Shakura & Sunyaev 1973; Lynden-Bell & Pringle 1974; Hartmann et al.
1998; Dullemond et al. 2007). Naively, this process can be understood by considering the
angular momentum transport between adjacent gaseous rings in a disk with Keplerian
rotation. In reality, this is a much more complex problem involving turbulence, magnetic
fields, and several additional processes. Due to the large uncertainties in this, Shakura
& Sunyaev (1973) developed the “α-prescription” model of viscous disks, which allows
a simple parametrization of viscosity and has been widely used since then. This method
estimates a characteristic viscous dissipation timescale of a few million years (Alexander
et al. 2014), and is not capable of producing the fast (105 − 106 yr) transition from
protoplanetary disks to naked stars revealed by observations. Other processes must be
invoked to explain this fast disk dispersal.
Dust settling and growth from micron size grains to planetesimals or planets can trap
dust (and some gas) in a few large bodies. Under certain conditions (relative velocities,
porosity, size,...), dust grains stick together after collisions, producing larger grains. These
larger grains become decoupled from the gas, settling towards the disk mid-plane and
increasing the dust density in that region (e.g., Tanaka et al. 2005). This step can help
building even larger bodies, eventually forming planets (dust growth is an extremely
complex process, see e.g., Testi et al. 2014). In any case, even if most of the dust ends
up either in planetesimals/planets or is accreted onto the star, the bulk of the disk
mass is in gaseous state and would remain unperturbed by this process: dust growth
alone cannot explain the gaps and cavities found in protoplanetary disks (Birnstiel et al.
2012), nor the totality of disk evolution.
The total number of stars in multiple systems in the Galaxy is not negligible: the
binarity frequency in Upper Sco is 30-40 % (Kraus et al. 2008), and 50-75 % of the
stars in Taurus region are in multiple systems (Kraus et al. 2012). The gravitational
influence of a companion can have a significant impact in the disk dynamics: there are
evidences of binarity being responsible for diskless stars at early ages (Kraus et al. 2012),
specially for close binaries (Harris et al. 2012). Even if the disk is not dispersed by the
effect of the binary system, its gravitational influence can result in disk truncation (e.g.,
GG Tau, CoKu Tau 4, Guilloteau et al. 1999; Ireland & Kraus 2008), which can reduce
its lifetime by one order of magnitude (see e.g. the discussion in Williams & Cieza 2011).
All these facts imply that multiplicity may play a major role in several disks, and given
the inherent difficulties to identify close binaries (usually below the resolution limit of
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the observations), they add an important source of uncertainty to our observational
knowledge of disk evolution. But in any case, it is obvious that the evolution of single
stars must be driven by a different mechanism.
A large number of jets, outflows and winds associated to YSOs have been found across
the whole stellar mass spectrum. They provides a mechanism to effectively remove both
mass and angular momentum from the system. Whether they are a mere product of
star and disk formation or they are important for disk evolution is not clear yet (Frank
et al. 2014). Their origin is still a matter of debate, but magnetic fields are likely to
play a key role in them (e.g., Hayashi et al. 1996; Li et al. 2014). Actually, certain
magnetic field configurations can even prevent disk formation (Li et al. 2011) and in the
case of formed, stable disks, may cause outflows and winds via magnetohydrodynamical
processes, leading to disk dissipation. Given the large uncertainties in the strength of
magnetic fields in YSOs, the real impact of these effects in disk evolution is still unknown
(Alexander et al. 2014; Li et al. 2014).
Photoevaporation is likely the dominant process in disk evolution once the accretion rate
goes below a certain threshold. The upper layers of disks are heated to large temperatures
when illuminated by the high-energy radiation from the star, and at intermediate disk
radii and under certain conditions, the resulting thermal energy is larger than the
gravitational attraction of the host star, producing gas loss via photoevaporative winds.
The location at which this occurs is parametrized by the gravitational radius rg, defined
as the place where the local sound speed overcomes the escape velocity. The global
consequence of photoevaporation is to remove material from the disk at rg, opening
a gap and decoupling the inner and outer disks. With this configuration, material
in the inner region is accreted onto the star, and the inner disk disappears since it
no longer can incorporate material from the outer regions (Fig. 1.8). At the same
time, the remaining outer disk continues to photoevaporate, leading to disk dissipation
in timescales comparable to the observed ones. The theoretical predictions of this
process are broadly consistent with the observed properties of protoplanetary disks
(e.g., Alexander et al. 2014). Nevertheless, for a subset of objects with large inner holes
(transitional disks, see Sect. 1.4) and important accretion rates, other mechanisms must
be at play to reproduce their characteristics (Owen et al. 2011).
1.3.1 Disk fractions in star-forming regions and associations
Given the estimated lifetimes of protoplanetary disks of some Myr, it is not feasible
to study disk evolution by monitoring individual objects. Instead, one can analyze
the population of disks in star-forming regions and associations with different ages to
develop an understanding of the process. Because it will have an important weight in
this study, this section provides a short review of previous works which have used this
method.
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Figure 1.8: Scheme of the photoevaporative evolution of protoplanetary disks. At a certain
time, photoevaporation carves a hole in the disk at a given radius preventing the replenishment
of the inner regions, which are quickly accreted onto the star. Figure from Alexander et al.
(2014).
Haisch et al. (2001b) obtained L band photometry for four clusters with age range
spanning from 2.5 to 30 Myr, and combined their results with previous measurements
of other younger clusters (Lada et al. 2000; Haisch et al. 2001a,c), composing a list of
seven clusters covering from 0.3 to 30 Myr. This was the first study of disk fractions as a
function of age for a relatively large number of clusters. They found that half of the disks
disperse during the first 3 Myr, and estimated that by 6 Myr, all protoplanetary disks
have already dispersed. This final result was derived by fitting a straight line to disk
fractions. After this study, the advent of Spitzer provided MIR photometry for several
star-forming regions. Using data from this telescope, Herna´ndez et al. (2007b, 2008)
presented an updated version of the “disk fraction vs age” picture, including up to 20
associations. Their results were consistent with those of Haisch et al. (2001b), but also
identified some regions of > 5 Myr with disk fractions above 0 %. Later, Mamajek (2009)
used 22 associations to propose an exponential decay of protoplanetary disks, finding a
characteristic timescale of τ ∼ 2.5 Myr. An additional perspective was provided in Fedele
et al. (2010) by probing accretion in seven regions down to 10−11M/yr. Their results
show that the timescale of sources with detectable excess with IRAC is τIRAC ∼ 3 Myr
from dust continuum emission, but the accretion timescale is τacc ∼ 2.3, suggesting
that gas accretion stops slightly earlier than the disk dissipates. Fig. 1.9 presents a
compilation of these results. Overall (and although a direct comparison is not trivial
given different methodologies completeness limits used), these studies show that half of
the disks disperse within the first ∼ 3 Myr of the life of the stars, but some can survive
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up to 10 Myr. All these works have provided great insights into disk evolution, but
they rely partly on inhomogeneous datasets which are often not large enough to obtain
statistically conclusive results. It should also be kept in mind that potential differences
inherent to the considered regions and associations may also impact the results. Further
studies with larger, unbiased, and clean samples are required to achieve an even better
understanding of disk evolution.
D. Fedele et al.: Accretion Timescale in PMS stars
a) b)
c) d)
Figure 1.9: Disk fractions as a function of cluster age as derived in several studies: a) Haisch
et al. (2001b); b) Herna´ndez et al. (2008); c) Mamajek (2009); d) Fedele et al. (2010). These
results show that disk dispersal occurs between 1 and 10 Myr, with half of the YSOs losing their
disk during the initial 3 Myr of their lives.
1.4 Transitional disks
Transitional disks are protoplanetary disks with signatures of low opacity regions in their
structure, which is usually attributed to the presence of gaps and/or cavities in them.
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Since they likely represent an intermediate stage in the way from protoplanetary disks
to naked stars and could even be directly related with the presence of (proto)planets,
they have gained a lot of attention and relevance for star and planet formation theories.
Transitional disks were first identified by Strom et al. (1989), using NIR (2.2µm) ground
based photometry in combination with MIR data from the Infrared Space Telescope
(IRAS, Neugebauer et al. 1984). While performing a survey of circumstellar material
around YSOs in the Taurus-Auriga molecular cloud, they identified some objects with
small NIR excesses but considerable MIR ones, and suggested this as a possible signature
of disk evolution:
“The presence of IR excesses for λ ≥ 10µm (which provide evidence of
emission from cool dust located in the outer disk regions, r > 1 AU), and the
absence of excess emission at λ < 10µm (which implies absence of warm dust
at r < 1 AU) may diagnose disk clearing in the inner regions of the disk. If
so, these observations may represent the first astrophysical evidence of disks
in transition from massive, optically thick structures that extend inward
to the stellar surface, to low-mass, tenuous, perhaps post-planet-building
structures.” (Strom et al. 1989)
This first hint was rapidly corroborated by additional measurements from the NASA
Infrared Telescope Facility by Skrutskie et al. (1990). Although with a moderate sample
size, Skrutskie et al. (1990) were also able to determine that this transitional phase
occurs on a timescale of t ∼ 0.3 Myr, already suggesting that disk dispersal is a fast
process which last for only a fraction of the total disk lifetime.
By now, much more is known about this special kind of circumstellar disks, thanks
to better observing capabilities and theoretical advances. As shown by Strom et al.
(1989) and Skrutskie et al. (1990), transitional disks have SEDs lacking NIR excess
but with significant ones at longer wavelengths (see Fig. 1.10). Dust depleted regions
have been found in them in a broad range of wavelengths with different techniques:
optical/NIR scattered light (e.g., Thalmann et al. 2010), polarimetry (e.g., Mayama
et al. 2012; Hashimoto et al. 2012; Follette et al. 2013), high-resolution MIR direct
observations and interferometry(e.g., Geers et al. 2007; Cieza et al. 2013; Kraus et al.
2013), and mainly via (sub)mm interferometry (e.g., Brown et al. 2008; Hughes et al.
2009; Andrews et al. 2011, see Fig. 1.11). The Infrared Spectrograph (IRS) instrument
on board Spitzer yielded hundreds of spectra of YSOs from 5.3 to 37µm, and has been
extensively used to model the inner structure of transitional disks (Calvet et al. 2002;
Rice et al. 2003; Espaillat et al. 2007b; Kim et al. 2009; Mer´ın et al. 2010; Espaillat et al.
2011). All these studies have identified different classes of these objects: full transitional
disks (objects with a large radial gap in the disk), pre-transitional disks (disks with
inner and outer disks, separated by a dust-depleted gap, Brown et al. 2007; Espaillat
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Figure 1.10: SEDs of four different transitional disks. Black dots are observed photometric
values, black solid lines show IRS spectra. The corresponding photosphere is plotted as a blue
solid line, and the dashed region corresponds to the median SED of Taurus. Figure from the
review of Williams & Cieza (2011).
et al. 2007b, 2010), or disks with decreasing IR excess at all wavelengths (called anemic,
homologously depleted, evolved disks, or weak transition disks, e.g., Lada et al. 2006;
Herna´ndez et al. 2007b,a; Muzerolle et al. 2010; Sicilia-Aguilar et al. 2010). Their gap
sizes range from a few to some tens of AU (e.g., Kim et al. 2009; Mer´ın et al. 2010;
Espaillat et al. 2011), and their population is found to be 5-30 % of the total number of
YSOs in star-forming regions (Skrutskie et al. 1990; Kenyon & Hartmann 1995; Andrews
& Williams 2005; Cieza et al. 2007; Mer´ın et al. 2010; Ribas et al. 2015). Their accretion
rates are still somewhat unclear. Najita et al. (2007) found transitional disks in the
Taurus region to accrete at lower rates than Class II disks (∼ 1 order of magnitude).
This could be explained by gap opening in the disk by a Jovian planet(s) (e.g., Skrutskie
et al. 1990; Marsh & Mahoney 1992; Calvet et al. 2002; D’Alessio et al. 2005), which
would prevent accretion from the outer to the inner regions. Instead, the planet would
tunnel material from the outer disk inwards, and theoretical works show that this effect
could reduce accretion by a factor of ∼ 0.05-0.1 (Lubow & D’Angelo 2006; Varnie`re
et al. 2006). However, more recent works found that transitional disk may instead have
accretion rates similar to that of Class II objects (Manara et al. 2014), and more studies
on this topic are required to identify the real origin and rates of accretion in these
sources. Additionally, the different criteria and definitions of the transitional class may
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also account for the observed discrepancies between some authors (e.g., Espaillat et al.
2012).
Figure 1.11: Submillimetric cavities in (pre)transitional disks as seen at 880µm by the
Submillimeter Array. The blue line at the bottom right of each panel is 30 AU long, roughly
the size of Neptune’s orbit. These images reveal a rich diversity of cavity shapes and disk
morphologies. Figure from the review of Espaillat et al. (2014).
The presence of stellar or planetary companions was soon invoked to explain the SEDs
of transitional disks, and was initially found to be plausible solution (Marsh & Mahoney
1992). However, other mechanisms such as dust growth or photoevaporation could also
be responsible for the observed gaps.
− Dust growth could produce transitional disk SEDs in two different ways. First, large
grains are inefficient emitters, specially in the NIR regime (e.g., D’Alessio et al.
2001; Draine 2006). Therefore, the deficit of NIR flux observed in transitional
disks may be explained not by a decrease in their mass, but in the dust NIR
emissivity. Additionally, grains decouple from the Keplerian velocity of the gas as
they grow, and start suffering a “drag” caused by the gas viscosity. Consequently,
dust grains spiral inward and are accreted onto the star (Weidenschilling 1977;
Nakagawa et al. 1986). This “radial drift” removes mass from the inner disk,
clearing this region and therefore decreasing the NIR emission. Birnstiel et al.
(2012) demonstrated that, although dust growth could actually produce SEDs
similar to those of transitional disks, it cannot reproduce the observed submm
cavities in their density distribution found in several cases(e.g., Andrews et al.
2011).
− Photoevaporation can open gaps in disks, as discussed in Sect. 1.3. It can also
account for the large gap sizes observed in transitional disks, and is very likely
responsible for at least a fraction of the transition sources. However, photoevap-
oration alone cannot produce the observed properties of transitional disks with
large gaps and high accretion rates (e.g., Alexander & Armitage 2009).
− Finally, the gravitational influence of a companion (stellar or planetary) could
carve a hole as the secondary body orbits the central star (Papaloizou et al. 2007;
Baruteau et al. 2014). In fact, some transitional disks with large gaps have been
found to host stellar companions (e.g., CoKu Tau 4 or CS Cha, Ireland & Kraus
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2008; Nagel et al. 2012). However, it is yet not clear that single planets can produce
the observed gaps in the disk surface distribution at current sensitivity limits. Some
problems also appear to explain the SEDs of transitional disks if gas giant planets
are driving accretion: once the material has been transported to the inner regions,
the NIR emission would rise again and some excess would be detected. Proposed
solutions for this issue involve gap opening by multiple giant planets (Zhu et al.
2011), or dust filtration mechanisms (i.e., dust remains in the gap edge due to the
presence of a pressure maximum, whereas gas continues to accrete onto the star,
Rice et al. 2006).
Despite all the attention gained by the field, there are still several unknowns regarding
transitional disks. Their uncertain accretion properties, the mechanism behind their
evolution, or the origin of different SED types are still yet to be understood. Future
ALMA observations will provide further insight into this particular class of circumstellar
disks and their real link with planet formation.
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1.5 Evolution of the field during this thesis
The previous introduction provided a broad overview of the status of the field at the time
of writing this thesis. A general understanding of disk evolution and planet formation
was already achieved several years ago, both observationally and theoretically. Thus,
although several significant contributions have been added during the last three years,
the “main ideas” have remained the same.
Despite this, the advent of ALMA has opened a whole new era for circumstellar disk
studies. ALMA started its Early Science phase (Cycle 0) in 2011, and it has been
improving its capabilities since then. Among several, some examples of its impact are
the detection of zones in the disk with a significant accumulation of large dust particles
(the so-called dust traps, van der Marel et al. 2013), the finding of gas flows through
gaps in transitional disks, (e.g., HD142527, Casassus et al. 2013), or spatially resolved
images of the CO snowline (the location in the disk at which a certain molecule freezes)
in the TW Hya protoplanetary disk (Qi et al. 2013). However, its most remarkable
achievement so far was accomplished in late 2014, when ALMA’s highest resolving
power (using its longest baseline configuration) provided science verification data of the
protoplanetary disk around HL Tau (Fig. 1.12): ALMA reached a spatial resolution of
25 mas, corresponding to 3.5 AU at the distance of the Taurus molecular cloud (∼140 pc,
Torres et al. 2007). The resulting image shows an intricate system of gaps and rings in
the disk, with several indications pointing to multiple planet formation and resonances as
the main cause of these rings (ALMA Partnership et al. 2015), although there are other
mechanisms which could also explain these gaps. HL Tau is a young system (1-2 Myr,
Bricen˜o et al. 2002), and has a flat SED: surprisingly, gap opening by planet formation
is not expected to take place this early in the disk lifetime, challenging the current
existing theories of disk evolution. Apart from the obvious and exciting implications
of these discoveries, they are also a clear proof of the impact that ALMA will have in
this field. With large and complete samples of transitional disks covering broad ranges
of stellar masses and initial conditions, ALMA will provide an unprecedented view of
stellar and planetary formation.
Additionally, the Kepler Spacecraft has produced a whole revolution in the exoplanetary
field. It was launched in 2009, and thousands of planet candidates were identified as
its time coverage increased (e.g., Batalha et al. 2013), allowing to detect planets with
larger periods. Regardless of the failure of two of its reaction wheels in 2012 and 2013
(Kepler is now in its “second light” mission) the huge amount of data it yielded is still
used to identify and detect new candidates, and by today more than 1 000 planets have
been already confirmed with Kepler. This dramatic increase in the number of known
planets provides the perfect scenario to confront exoplanetary demographics with the
properties and theory of protoplanetary disksUltimately, Kepler could answer questions
INTRODUCTION 23
Figure 1.12: Long baseline ALMA observations of the protoplanetary disk around HL
Tau. The unprecedented ALMA capabilities achieved a resolution of 3.5 AU in the disk, which
shows several gaps and rings in its dust distribution. ALMA Science verification data (ALMA
Partnership et al. 2015).
such as the possible connection of disks properties and the exoplanetary population, or
if we could even compare this information with our own Solar System.
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1.6 Goals of this thesis
This thesis consists of two main parts, both of them connected to each other but with
different goals and approaches. The first study focuses on the statistical properties of
protoplanetary disks in young associations, while the second one presents the analy-
sis and modeling of transitional disks in the Chamaeleon I star-forming region using
Herschel data.
The first part of this work focuses on improving our knowledge of the evolution of pro-
toplanetary disks. Previous studies have already achieved a general view of this process,
but compiling data from many different works, usually with different methodologies,
criteria, and completeness limits. All these various effects could hide important biases
in our understanding of disk evolution. Moreover, several of these studies used samples
which are too small to obtain meaningful statistical comparisons and results, or may
include a significant fraction of contaminants (as much as ∼ 30 % when based on purely
photometric selection criteria). We intend to overcome these issues by creating a large
and homogeneous database of YSOs in young associations, and querying different public
catalogs to build their SEDs from the near ultraviolet to the MIR range. Also, special
attention is paid to selection effects, biases, and statistical subtleties that should be
considered to perform consistent analyses of disk evolution. We will later use this clean
sample to identify disks via IR excess, and study their evolution as a function of stellar
age and mass.
The second part of the thesis will study the population of YSOs in the Chamaeleon I
and II regions, as observed by Herschel (Pilbratt et al. 2010). In particular, we will focus
on previously known transitional disks in the regions and compare them with Class II
sources in the association. Because Herschel has observed large areas of the sky in FIR
wavelengths, its observations are available for a large number of sources and can provide
further insight into the realm of circumstellar disks. For that reason, we will also apply
detailed radiative transfer models, in combination with Bayesian analysis and Markov
Chain Monte Carlo (MCMC) methods, to quantify the real contribution of Herschel
data to our current understanding of transitional disks and explore its improvements
with respect to Spitzer observations.
Combined, these two complementary parts provide both a panchromatic view of disk
evolution, and a more detailed look at the critical transitional (maybe planet-forming)
phase of disks around young stars.
Part I
Disk evolution
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Disk evolution in the
solar neighborhood
The evolution of protoplanetary disks may set the fate of planet formation around
stars, and several works have studied how the fraction of disks changes with time. In
this chapter, we perform a homogeneous analysis of the disk population in 22 young
(< 100 Myr) nearby (< 500 pc) star-forming regions and associations. We compile a large
sample of YSOs in these regions, and follow careful and homogeneous procedures to
minimize the impact of biases in our study. We then look at disk fractions as a function
of age, and derive characteristic disk lifetimes at different wavelengths.
This work was published as Ribas et al. 2014, A&A, 561, A54.
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Abstract
Aims: We study the evolution of circumstellar disks in 22 young (1 to 100 Myr) nearby
(within 500 pc) associations over the entire mass spectrum using photometry covering
from the optical to the mid-infrared.
Methods: We compiled a catalog of 2 340 spectroscopically-confirmed members of these
nearby associations. We analyzed their spectral energy distributions and searched for
excess related to the presence of protoplanetary disks. The dataset has been analyzed in
a homogeneous and consistent way, allowing for meaningful inter-comparison of results
obtained for individual regions. Special attention was given to the sensitivity limits and
spatial completeness of the observations.
Results: We derive disk fractions as probed by mid-infrared excess in the 22 regions.
The unprecedented size of our sample allows us to confirm the timescale of disk de-
cay reported in the literature and to find new trends. The fraction of excess sources
increases systematically if measured at longer wavelengths. Disk percentages derived
using different wavelength ranges should therefore be compared with caution. The dust
probed at 22–24µm evolves slower than that probed at shorter wavelengths (3.4–12 µm).
Assuming an exponential decay, we derive a timescale τ =4.2∼5.8 Myr at 22–24 µm for
primordial disks, compared to 2∼3 Myr at shorter wavelength (3.4–12 µm). Primordial
disks disappear around 10∼20 Myr. Their decline matches in time a brief increase of
the number of “evolved” disks (defined here as including transitional and debris disks).
30
There is more dispersion in the fraction of excess sources with age when measured at
22–24 µm in comparison to shorter wavelengths.
Conclusions: The increase in timescale of excess decay at longer wavelength is com-
patible with inside-out disk clearing scenarios. The increased timescale of decay and
larger dispersion in the distribution of disk fractions at 22–24 µm suggest that the inner
(terrestrial-planet forming) and outer (giant-planet forming) zones evolve differently, the
latter potentially following a variety of evolutionary paths. The drop of primordial disks
and the coincident rise of evolved disks at 10 Myr are compatible with planet formation
theories suggesting that the disappearance of the gas is immediately followed by the
dynamical stirring of the disk.
Key words: Planetary systems: protoplanetary disks – stars: formation – (stars:)
planetary systems – stars: pre-main sequence
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2.1 Introduction
The structure and evolution of protoplanetary disks provide crucial information to better
understand stellar and planetary formation (see Williams & Cieza 2011, for a complete
review on different aspects of protoplanetary disks evolution). The timescale of disk
evolution, and its dependence on stellar age, mass, environment and multiplicity, is a
fundamental parameter to constrain stellar formation theories and numerical simulations.
The inter-phase between protoplanetary and debris disks is also key to understand the
first stages of planetary formation. However, details of the processes involved in the
dispersal of protoplanetary disks and the transition to debris disks have been elusive
mostly because of the long distances to such disks (hence difficulty to resolved them)
and the size of the samples studied so far.
Circumstellar disks are often detected via IR excess over the stellar photosphere: dust
in the disk is heated by stellar radiation, and re-emits it in the MIR/FIR regime. The
advent of IR observatories such as AKARI, the Spitzer Space Observatory, and more
recently the Herschel Space Observatory produced very sensitive surveys over vast areas
in several young nearby associations and clusters (Evans et al. 2009; Ishihara et al.
2010). Combined with all-sky or wide field surveys in the optical (e.g CMC 14, and
SDSS) and in the NIR/MIR (e.g DENIS, UKIDSS, and WISE), they provide a sensitive
and homogeneous photometric coverage of a large number of nearby regions and make
a new and unique database for the study of protoplanetary disks.
We present a sample of 2 340 young stars and brown dwarfs members of 22 nearby
(<500 pc) associations (13 star-forming regions and 9 young nearby associations) with
ages ranging from 1 to 100 Myr. This sample of unprecedented size is a compilation of 37
spectroscopic studies published in the literature over the past two decades. The spectral
energy distribution (SED) of each source was obtained by merging various catalogs
covering the wavelength range from the optical (∼V-band) to the MIR (22∼24 µm).
The quantity and the quality of the photometric measurements allow us to derive and
study disk fractions in a consistent way for all the regions.
The present manuscript is the first of a series of articles where disk evolution will
be investigated with a large and representative sample of young stars in the solar
neighborhood. In Sect. 2, we present the sample and its characteristics. We describe the
astrometric and photometric quality assessment and data curation process in Sect. 3.
The SED fitting procedure is described in Sect. 4. In Sect. 5, we describe the method
and criterion adopted to identify MIR excesses and the method used to derive excess
(disk) fractions. The results are given in Sect. 6, and discussed in Sect. 7.
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2.2 Sample
We compiled a sample of spectroscopically confirmed members of nearby regions using
catalogs from the literature for the 25 Orionis, Chameleon I & II, Corona Australis,
IC 348, λ-Orionis, Lupus, NGC 1333, Ophiuchus, σ-Orionis, Serpens, Taurus, and Upper
Scorpius associations and clusters. This original sample was then completed by adding
the spectroscopically confirmed members of young nearby associations from the SACY
survey presented in Torres et al. (2008), which includes the AB Doradus, Argus, β-
Pictoris, Carina, Columba, η-Chamaeleon, Octantis, Tuc-Hor (THA), and TW Hya
(TWA) associations. Table 2.1 summarizes of the basic properties of these regions, as
well as the references used for the spectroscopically confirmed samples.
Young nearby associations offer several advantages for the study of stellar and planetary
formation. Their distances and relative ages are in general relatively well known. Addi-
tionally, their proximity and youth make the detection of their least massive members
easier, ensuring a complete (or at least representative) census of their stellar content
from the most massive members to the substellar and planetary mass objects. As a
result, they have extensively been studied over the past four decades (see e.g Reipurth
2008a,b, and references therein). Additionally, nearby associations with ages in the range
5 - 80 Myr provide a good opportunity for studying the transition from protoplanetary
to debris disks.
From the various catalogs found in the literature (see Table 2.1), we chose to keep only
those objects with spectroscopically-obtained spectral type . This choice was motivated
by two main reasons:
− Spectroscopic confirmation minimizes contamination by unrelated foreground or
background sources. Photometric surveys are known to include as much as 30%
of contaminants (see e.g Oliveira et al. 2009).
− Knowing the spectral type breaks the degeneracy between Teff and visual extinc-
tion (AV ) in the SED fitting, making the AV estimation more robust.
A total of 2 627 sources fulfill this first requirement.
2.2.1 Ages and distances
Distances can be measured with different techniques, leading to several (sometimes
inconsistent) values in the literature for the same region. With the exception of the
SACY sample, most regions considered here are further away than 100 pc, and hence
beyond Hipparcos’ sensitivity limit (Perryman et al. 1997). Ages are difficult to
determine, and star formation is probably not an abrupt event but extended in time (see
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Table 2.1: Young nearby regions (top) and associations (bottom) included in this study.
Name Age Distance Membership and SpT Spitzer photometry Number of sources
(Myr) (pc)
25 Orionis 7-10 330 (1) (1) 46
Cha I 2 160-165 (2) (3) (4) (3) (4) 212
Cha II 2±2 178±18 (5) (38) 47
CrA 1-3 138±16 (6) (7) (8) (9) (39) 35
IC 348 2 285-315 (10) (11) (38) (40) 298
λ Orionis 4 400±40 (12) (41) 114
Lupus 1-1.5 140 - 200 (13) (14) (15) (16) (38) 217
NGC 1333 1 235±18 (17) (42) 74
Ophiuchus 2-5 120-145 (18) (19) (20) (21) (38) 258
σ Orionis 2-3 440±30 (22) (23) (24) (25) (26) (27) (28) (43) 104
Serpens 2 230±20 (17) (29) (38) 142
Taurus 1-2 140 (30) (31) (32) (33) (32) (33) 265
Upper Sco 11±2 140 (34) (35) (36) (35) 405
AB Dor 50-100 34 (37) . . . 92
Argus 40 106 (37) . . . 51
β Pic 10 31 (37) . . . 54
Carina 30 85 (37) . . . 37
Columba 30 82 (37) . . . 58
η Cha 4-9 108 (37) . . . 27
Octantis 20 141 (37) . . . 17
Tuc-Hor 30 48 (37) . . . 49
TW Hya 8 48 (37) . . . 25
Ages and distances are from Reipurth (2008a) and Reipurth (2008b) unless specified. We also tabulate references to the different studies used to compile the sample of objects and to
the Spitzer photometry, as well as the number of sources for each region.
(1) Herna´ndez et al. (2007a); (2) Luhman (2007); (3) Luhman et al. (2008a); (4) Luhman & Muench (2008); (5) Spezzi et al. (2008); (6) Neuha¨user et al. (2000); (7) Nisini et al. (2005);
(8) Sicilia-Aguilar et al. (2008); (9) Sicilia-Aguilar et al. (2011); (10) Luhman et al. (2003); (11) Alves de Oliveira et al. (2013b); (12) Bayo et al. (2011); (13) Krautter et al. (1997); (14)
Allen et al. (2007); (15) Comero´n (2008); (16) Mortier et al. (2011); (17) Winston et al. (2009); (18) Natta et al. (2002); (19) Wilking et al. (2005); (20) Alves de Oliveira et al. (2010);
(21) Erickson et al. (2011); (22) Zapatero Osorio et al. (2002); (23) Muzerolle et al. (2003b); (24) Barrado y Navascue´s et al. (2003); (25) Franciosini et al. (2006); (26) Caballero (2007);
(27) Sacco et al. (2008); (28) Rigliaco et al. (2012); (29) Oliveira et al. (2009); (30) Luhman (2004b); (31) Monin et al. (2010); (32) Rebull et al. (2010); (33) Rebull et al. (2011); (34)
Preibisch et al. (2002); (35) Carpenter et al. (2006); (36) Lodieu et al. (2011); (37) Torres et al. (2008); (38) Evans et al. (2009);(39) Peterson et al. (2011); (40) Lada et al. (2006); (41)
Barrado y Navascue´s et al. (2007); (42) Gutermuth et al. (2008); (43) Luhman et al. (2008b)
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e.g. Hartmann 2001). Absolute ages are usually uncertain and sometimes controversial
(Bell et al. 2013), but the relative age sequence is expected to be accurate enough for the
aim of our study and to perform a meaningful comparison of disk properties at different
evolutionary stages (Soderblom et al. 2013).
For consistency, we chose to use ages and distances provided in Reipurth (2008a) and
Reipurth (2008b) except when updated measurements were found in the literature:
− Age of Cha II from Spezzi et al. (2008),
− Distance to NGC 1333 from Hirota et al. (2008),
− Age and distance to Upper Scorpius from Pecaut et al. (2012),
− Age and distance to 25 Orionis come from Herna´ndez et al. (2007a).
In the rest of our analysis, a conservative 50 % uncertainty level was assumed for the
ages, unless a different estimate was provided in the literature.
2.2.2 Mass range covered by the sample
The completeness level of the sample (in terms of mass or luminosity) is critical to
assess the relevance of any statistical result, as an incomplete sample would yield biased
results. This issue becomes even more important when mixing catalogs from different
sources, which may have different completeness levels.
All the star-forming regions selected in this study have been extensively studied in the
past (see i.e. Reipurth 2008a,b). The catalogs used to compile the sample presented
here come from stellar population-oriented studies whose main objective was to define
representative samples of members and derive accurate mass functions. On the high
mass end, the various studies used in this analysis are expected to be complete since
massive stars are bright and have been known for long. On the low mass end, the stellar
population studies used in this analysis are in general complete or representative down
the mid or late-M dwarfs. We therefore expect that our study is representative over
the luminosity range between the most massive members (typically O, B or A stars
depending on the association) and the mid/late-M dwarfs.
2.3 Astrometric and photometric quality assurance
2.3.1 Astrometry
In the past, astrometric calibration was more complicated because of the lack of accurate
reference astrometric catalogs. As a result, some of the oldest surveys used in this
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study have a poor astrometric accuracy. We undertook a data healing procedure to
ensure consistent astrometric accuracy for all objects across the different regions and
associations.
For the entire sample, we chose to use the 2MASS astrometry as reference (Skrutskie
et al. 2006). 2MASS offers the advantage of homogeneously coverage of the entire sky,
with an average astrometric accuracy of ∼0′′.1. In this process, each target is associated
to the closest 2MASS counterpart within 3′′. We a posteriori verify that the mean
separation between the original and the 2MASS coordinates is smaller than 0′′.4, except
in the case of Ophiuchus (from Erickson et al. 2011) and Upper Sco (from Preibisch
et al. 2002) where systematic offsets larger than 1′′ with respect to the 2MASS catalog
were found and corrected.
Only 89 of the 2 627 objects had no counterpart in 2MASS within 3′′ due to luminosities
beyond the sensitivity limit of the survey. They were removed from the sample and
ignored for the rest of the study.
2.3.2 Photometry
To include as much photometric information as possible for each source, we searched the
literature and different public surveys for photometric measurements from the optical
to the MIR.
2.3.2.1 Surveys
We retrieved information from WISE (Wright et al. 2010), Tycho-2 (Høg et al. 2000),
the Sloan Digital Sky Survey Data Release 8 (SDSS DR8), UKIRT Infrared Deep Sky
Survey (UKIDSS), DENIS (DENIS Consortium 2005), AKARI (Murakami et al. 2007),
and the Carlsberg Meridian Catalog 14 (CMC 14). To take the different Point Spread
Function sizes of each survey into account, we established an optimized search radius
for each of them by fitting a Gaussian to the kernel density distribution of separations
between the original (2MASS) and catalog coordinates. The search radius was then set
to the average of the Gaussian + 3σ. As a sanity check, we verified that the search radius
was consistent with the internal accuracy of the different surveys. When the number
of sources was too small to derive a meaningful density distribution of separations,
the search radius was set to 1 ′′. This value is a conservative compromise between the
astrometric accuracy of the different surveys and the observed separation distribution.
During this procedure, upper limits were treated with caution to include them as such.
We chose to conservatively redefine as upper limits all fluxes with a signal-to-noise ratio
(S/N) < 5 in any 2MASS or WISE bands. We also quadratically added WISE absolute
calibration errors of 2.4, 2.8, 4.5 and 5.7 % (respectively to its bands) as recommended
in the WISE All Sky Catalog Explanatory Supplement.
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2.3.2.2 Optical to MIR photometry from the literature
We complemented the all-sky optical surveys mentioned above with our own optical (r
and/or i) photometry from the Canada France Hawaii telescope, when available (Bouy
et al., in prep.).
A number of associations presented in Table 2.1 have been observed with the Spitzer
Space Observatory in the course of various legacy and other programs, and we included
the corresponding IRAC and MIPS photometry. The Spitzer photometry proved to be
extremely important for our study, since protoplanetary disks emit most of their light at
MIR wavelengths. According to the Spitzer User Manual, absolute calibration of IRAC
and MIPS fluxes is accurate to ∼5%, and we add the corresponding error quadratically
when not already included.
In both cases (optical and MIR photometry), a cross-match radius of 1 ′′was used.
2.3.3 Resolved binaries and ultra-cool objects
Multiple systems are frequent among stars (Lada 2006), and most of them are not
resolved with the ground based or space (Spitzer and WISE) observations used in this
work. The spectral type and photometry of such unresolved sources result in biased
measurements. To minimize this problem, we performed an internal match for every
region with a search radius of 2′′. A total of 68 objects (34 pairs, ∼2 % of the whole
sample) were found and removed from the sample. Closer systems cannot be identified
in the current dataset. We nevertheless note that the properties of multiple systems,
and in particular their frequency and distribution of separation, are expected to remain
largely unchanged after 1 Myr. Multiplicity frequency is also found to vary little between
associations and clusters (Ducheˆne & Kraus 2013) and should equally affect the various
groups studied in this work. The statistics (and in particular the disk fractions) derived
and discussed in the present study should therefore be regarded as statistics for the
systems, rather than for individual sources.
Finally, we also removed objects with spectral types ≤ L0. These objects, although very
interesting for brown dwarf formation studies, are in most cases beyond the completeness
limit of the various surveys used in our analysis. After this process, the sample is
comprised of 2 452 sources.
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2.4 Data processing
2.4.1 SED cleaning and AV fitting
First, the spectral types were converted to Teff using:
− Schmidt-Kaler (1982) scale for spectral types K8 and earlier.
− Luhman et al. (2003) scale for spectral types later than M0.
In spite of all the precautions described in Sect. 2.3, a blind cross-match of large datasets
inevitably contains errors and problems. We therefore visually inspected all the SEDs
and rejected problematic sources and photometric measurements.
Extinction toward each source was then estimated by comparing the observed SEDs
with a grid of reddened photospheric BT-Settl models from Allard et al. (2012) of the
corresponding Teff , and the extinction law of Indebetouw et al. (2005). Normalization of
the observed and synthetic spectra was done at the 2MASS J or H band (in this order
or priority) when present, and at the closest band otherwise. The photometric bands
used for the AV fitting were:
− All the optical bands, except those displaying obvious excesses. Some optical bands
can indeed be strongly affected by emission lines related to accretion and outflows
(Shu et al. 1994; Hartmann et al. 1994; Gullbring et al. 2000). This is specially
the case for the u band, which was systematically ignored in all fits.
− All the NIR bands up to KS , included. Excess in these bands is rarer and usually
moderate. We therefore chose to use all of them to maximize the number of
measurements used for the fit. Small excesses at these bands result in slightly
higher AV values, but are in general tempered by the optical measurements and
result mostly in a larger uncertainty.
Following Bayes theory, the best AV is obtained from the distribution of likelihood
among all values computed over the grid. The explored AV range was 0 to 20 mag in
steps of 0.1 mag. At least two photometric measurements in the mentioned wavelength
range were required for the AV to be fitted. For 10 sources, only one measurements was
available and the AV could not be properly fitted. After this cleaning process, the final
sample is comprised of 2 340 objects.
Figure 2.1 compares the results of the AV fitting process with the values from the
literature when available. In general, our measurements are in agreement with previous
estimates within the large uncertainties. Note that these estimates and uncertainties
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Figure 2.1: Comparison between the obtained AV and the values in the literature. The red
square shows the typical uncertainty of spectroscopic AV estimates from the literature. The
identity relation is represented as a dashed line to guide the eye.
are only tentative. Both our measurements and the measurements from the literature
are affected by a number of physical and observational biases (variability, accretion,
excesses, photometric errors, rotation,etc) which cannot be accounted for. The dispersion
in Fig. 2.1 gives a more realistic estimate of the real uncertainties on the AV.
2.4.2 Discrepancy between Spitzer and WISE data
A discrepancy between Spitzer and WISE data was identified during the visual inspection
process. We interpret it as the result of contamination from extended background
emission and/or source confusion. A more detailed discussion on this issue is given in
Appendix A. Data from the AKARI mission (with PSF sizes larger than those of Spitzer
and WISE) were also discarded for the same reason.
We therefore discarded all the WISE measurements except for nearby associations from
the SACY survey. Given their proximity (< 100 pc), the WISE photometry should not
be affected by either extended emission (which is rare in these evolved associations)
or confusion (also unlikely, since these associations are extremely lose and extended).
Visual inspection of the corresponding SEDs and comparison with Spitzer photometry
when available confirms that the WISE measurements of SACY sources are indeed not
affected by any of these issues, but objects flagged as extended in the WISE catalog
were conservatively discarded anyway.
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Table 2.2: Sensitivity completeness limits for the Spitzer photometric data.
Regions IRAC1 IRAC2 IRAC3 IRAC4 MIPS1
(mJy) (mJy) (mJy) (mJy) (mJy)
All regions (except Taurus) 0.08 0.05 0.12 0.16 1.03
Taurus (Rebull et al. 2011) 0.18 0.12 0.62 0.62 5.12
2.5 Disk fractions
In this section we study disk fractions as probed by MIR excesses. For the rest of this
work, any object with excess at any wavelength longer than 3µm is considered as a disk-
bearing system. Prior to identifying disks and deriving disk percentages, we investigated
the sensitivity and spatial completeness of the various MIR surveys.
2.5.1 Sensitivity completeness
Circumstellar disks produce a flux excess at IR wavelengths, and hence disk-bearing stars
are easier to detect than pure photospheres. A magnitude limited sample such as the one
presented here can thus be biased toward objects with disks, leading to overestimated
disk fractions. We corrected from this bias by discarding objects with photospheric flux
values (as obtained from models used during the SED fitting, see Sect. 2.4.1) below
the detection limits of the different instruments and observations. According to the
user manual, the WISE mission (used for the SACY sample) surveyed the whole sky
with 5-σ sensitivity limits of 0.08, 0.11, 1 and 6 mJy for the W1, W2, W3, and W4
bands respectively. We estimate that the W1, W2 and W3 sensitivities encompass the
entire luminosity range of the SACY sample, while the W4 band is sensitive down to the
late-K/late-M dwarfs, depending on the age and distance. Spitzer data (used for the rest
of the associations, see Table 2.1) come from various surveys with different sensitivities,
summarized in Table 2.2. While the optical, NIR and IRAC data are sensitive to the
entire luminosity range described in Section 2.2.2, the shallower MIPS observations
define a more limited completeness domain. We estimate that the MIPS sensitivity
described in Table 2.2 corresponds to early-M/early-K dwarfs depending on the age and
distance, respectively.
2.5.2 Spatial coverage
WISE is an all-sky survey, and hence the SACY regions – for which only WISE data
was used – were fully covered in the mid-IR. On the other hand, Spitzer observations
used in this study are covering only fractions of the various associations, resulting in a
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number of non detections. These non detections were naturally rejected in the previous
step.
2.5.3 Establishing the presence of disks
Circumstellar disks produce MIR/FIR excess in relation to photospheres (Williams
& Cieza 2011). Dust around stars is heated by stellar radiation and re-radiates with
typical Teff of a few tens or hundreds of kelvin. The amount of excess as a function of
wavelength depends on the disk properties, resulting in a wide diversity of SED shapes
and making the detection of circumstellar disks sometimes difficult using a single color
or luminosity.
To identify excesses, we use the significance index χλ, defined as
χλ =
(Fobserved,λ − Fmodel,λ)
σObserved,λ
, where Fobserved,λ is the observed flux, Fmodel,λ is the corresponding model photospheric
flux, and σObserved,λ is the error at the corresponding wavelength (λ). We define as
“excess” any measurement displaying a χλ ≥ 5, corresponding to a 5-σ detection over
the expected photospheric value. We note that flux uncertainties play an important role
in the definition of χ and were therefore considered with caution (see Section 2.3.2).
Underestimated errors would indeed result in artificially high disk percentages, while
over-estimated error would result in artificially low disk fractions.
To investigate the dependence of the presence of excess as a function of wavelength, we
defined three wavelength regimes:
− Short wavelength range: sources displaying excess in any band between 3.4–4.6 µm
(including IRAC1, IRAC2, WISE1, WISE2),
− Intermediate wavelength range: sources displaying excess in any band between
8.0–12.0 µm (including IRAC4, WISE3),
− Long wavelength range: sources displaying excess in any band between 22–24 µm
(including MIPS1 and WISE4).
The MIR emission at different wavelengths probes the disk at different distances from
the host star and depth within the disk. Table 2.3 gives an overview of the spatial
domains probed by the three wavelength ranges defined above. These values, based
on simplifications, should be regarded as indicative only. They nevertheless provide
reasonable estimates of the origin of most of the corresponding emission.
DISK EVOLUTION IN THE SOLAR NEIGHBORHOOD 41
Table 2.3: Region of the disk probed by the three wavelengths ranges.
Wavelength range Disk radius Label
(µm) (AU)
3.4-4.6 0.01 - 1 Short
8-12 0.03- 5 Intermediate
22-24 0.3 - 60 Long
MIR excess related to the presence of disks have often been identified using color-color
and color-magnitude diagrams. To compare our results with these studies, we also
computed fractions for objects detected in all IRAC bands and displaying excess in at
least one of them (all regions but SACY) or objects detected in all W1, W2, and W3
bands and excess in any of these three bands (SACY associations).
The “excess” definition based on a conservative 5-σ level of significance might not
be optimized for the detection of debris disks. These evolved disks typically display
significantly weaker excesses compared to protoplanetary disks (Wyatt 2008). The
corresponding debris disk fractions should therefore be regarded as estimates within
the boundaries set by the definition of “excess” used here, rather than absolute values.
The same applies for NIR excesses, these being intrinsically weaker than MIR ones. Our
choice of a more conservative threshold (5 instead of the“usual” 3σ) is motivated by
the problems encountered with the WISE photometry (see Sect. 2.4.2 and Appendix),
which is used mainly for the older regions and therefore for the objects with the weaker
MIR excesses. We also note that the usage of two photometric bands in each of the
considered wavelength ranges (short, intermediate, long) should mitigate this possible
bias.
2.5.4 Disk fraction’s values and errors
Disk fractions were calculated as the ratio of objects displaying an excess (as defined
before) over the total number of sources after completeness corrections. The large size of
our sample allowed us to perform this analysis for the three wavelength ranges defined
previously.
Estimating uncertainties on disk fractions using standard error propagation is imprac-
tical, as uncertainties on the photometry (errors related to measurement, but also
variability, rotation, activity, etc), the fit (AV) and various models (adopted extinction
law, Spectral Type vs Teff relation) are difficult to assess. We chose to estimate errors in
an empirical way by using bootstrapping (1000 iterations for each region) and randomly
varying the Teff and observed fluxes within normal distributions (with σ of 100 K and
σflux, respectively). For regions with a high number of sources (> 30), disk fraction errors
are set as the standard deviation obtained with the boostrapping process. For smaller
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Table 2.4: Fraction of sources with excess for each region in the three wavelength regimes. The
number of sources used is indicated within brackets. Subindexes reference fractions at different
wavelength ranges, as defined in Sect. 2.5.3
Name Fraction IRAC(%) Fraction short(%) Fraction intermediate(%) Fraction long(%)
25 Orionis 9 ± 5 [33] 6 ± 4 [34] 9 ± 5 [33] . . . [0]
Cha I 52 ± 6 [86] 43 ± 5 [109] 51 ± 5 [102] 66 ± 9 [29]
Cha II 84 ± 9 [19] 61 ± 9 [28] 84 ± 9 [19] 87 ± 9 [15]
CrA 50 ± 13 [16] 31 ± 11 [19] 50 ± 13 [16] . . . [4]
IC 348 36 ± 3 [240] 29 ± 3 [262] 30 ± 3 [240] 50 ± 17 [10]
λ-Orionis 26 ± 7 [43] 20 ± 6 [51] 26 ± 6 [43] . . . [0]
Lupus 52 ± 5 [85] 38 ± 5 [89] 52 ± 5 [87] 43 ± 7 [49]
NGC 1333 66 ± 6 [67] 47 ± 6 [73] 66 ± 6 [67] . . . [2]
Ophiuchus 25 ± 3 [214] 17 ± 3 [253] 25 ± 3 [228] 51 ± 8 [41]
σ-Orionis 39 ± 6 [70] 18 ± 5 [74] 39 ± 6 [70] . . . [0]
Serpens 62 ± 4 [125] 44 ± 4 [131] 60 ± 5 [125] 32 ± 11 [29]
Taurus 63 ± 4 [180] 48 ± 3 [212] 63 ± 4 [183] 58 ± 14 [12]
Upper Sco 16 ± 6 [32] 7 ± 2 [250] 11 ± 2 [232] 22 ± 3 [165]
AB Dor 5 ± 3 [78] 4 ± 3 [78] 3 ± 2 [77] 4 ± 3 [51]
Argus 4 ± 5 [44] 0 ± 3 [44] 5 ± 5 [44] . . . [3]
β Pic 18 ± 6 [50] 16 ± 5 [50] 8 ± 4 [59] 22 ± 6 [46]
Carina 4 ± 6 [27] 0 ± 3 [27] 4 ± 5 [28] . . . [6]
Columba 5 ± 4 [57] 2 ± 2 [57] 5 ± 4 [57] 28 ± 10 [18]
η Cha 21 ± 9 [24] 17 ± 8 [24] 21 ± 9 [24] 30 ± 15 [10]
Octantis 6 ± 7 [17] 0 ± 4 [17] 6 ± 7 [17] . . . [1]
Tuc-Hor 8 ± 4 [48] 8 ± 4 [48] 0 ± 3 [48] 12 ± 5 [41]
TW Hya 20 ± 9 [19] 5 ± 6 [19] 16 ± 8 [19] 29 ± 12 [14]
samples, the errors were corrected using the corresponding Student’s t distribution with
a confidence interval of 68 % (comparable to the 1σ value for larger samples). The
derived disk fraction values are given in Table 2.4 and Figs. 2.2 and 2.3. Because of
the different sensitivity and spatial completeness levels of the sample, the number of
sources varies in each bands. To avoid problems related to small number statistics, we
discarded datasets with less than ten objects per region and wavelength range.
2.6 Disk fractions as a function of age
In this section, we investigate disk dissipation timescales as a function of age and
wavelength. As a sanity check, we first compare our results with previous studies from
Herna´ndez et al. (2007b) and Herna´ndez et al. (2008) for the nine star-forming regions
in common: 25 Orionis, Cha I, η-Cha, IC 348, λ-Orionis, NGC 1333, σ-Orionis, Taurus
and Upper Sco. Figure 2.2 shows that the results are in good agreement within the
estimated uncertainties. We also compare our results for part of the SACY sample from
those in Zuckerman et al. (2011): all but one (AB Dor) associations are within a 2σ
range. We note that our values are almost systematically lower than the ones given in
the literature, as expected given the more conservative disk detection criterion used in
this work (see Sect. 2.5.3).
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Figure 2.2: Upper left panel: comparison of the disk fractions obtained in this study (circles)
with those from (Herna´ndez et al. 2007b, 2008) (squares) for regions in common. Upper right
and lower panels: disk fractions for all regions in the short, intermediate and long wavelength
ranges. The best fit exponential law is over-plotted (red line).
We then study the excess fraction for each of the three wavelength ranges as a function
of age (Fig. 2.2, top right and lower panels). Our results show a decay of disk fractions
with age at all wavelength ranges The values obtained for Cha II are considerably higher
than those of other associations of similar age, but consistent with the value reported
by Alcala´ et al. (2008). The current dataset does not allow us to explain this difference,
and the cause is outside the scope of this study. Figure 2.2 shows that disk fractions for
the intermediate (8–12 µm) wavelength range are higher than for the short (3.4-4.6µm)
wavelength range. Although of low statistical significance (within 1-σ), the systematic
offset for the entire sample suggests that this relative difference is a real trend.
In this study, we follow Mamajek (2009) and model these distributions with an expo-
nential law of the form:
Ae−t/τ + C (2.1)
where t is the age of the region (in Myr), and A, τ and C are left as free parameters. In
this simple parametric model, τ can be interpreted as the characteristic timescale of IR
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excess decay, and has been previously found to have values between 2∼3 Myr (Mamajek
2009; Williams & Cieza 2011). The best fits obtained for τ in the short (3.4–4.6 µm) and
intermediate (8-12µm) wavelength ranges are 2.3±0.5 Myr and 2.8±0.8 Myr respectively,
indistinguishable within the uncertainties and in good agreement with the results from
Mamajek (2009). The exponential fit has the advantage of modeling the entire time
domain with a single function, and was therefore preferred over the linear fit model used
in Haisch et al. (2001b). Further investigation of the possible analytic laws to model
this behavior and their corresponding physical interpretation are outside the scope of
our work.
Whereas IR excesses in the short and intermediate wavelength ranges are thought to
come from primordial optically-thick disks (Williams & Cieza 2011), excesses in the
long wavelength range (22-24 µm) can be produced by either primordial, transitional or
debris disks (Wyatt 2008). These different types of disk do not necessarily have the same
evolutionary mechanisms and timescales (Wyatt 2008). Fitting a simple exponential
law to the long wavelength dataset would therefore have no physical meaning and was
not attempted here.
To disentangle disks populations in the long wavelength dataset, we split the sample in
two groups:
− “Primordial” disks: sources with excess at 22-24µm and at least one shorter
wavelength.
− “Evolved” disks: sources with excess at 22-24µm only, including mostly tran-
sitional and debris disks. In some cases, edge-on disks can mimic the SED of
transitional disks and contaminate the group. Their frequency is nevertheless
expected to be very low.
Fig. 2.3 shows the fractions of primordial and evolved disks as a function of time.
The distribution is more dispersed than those found at shorter wavelengths (Fig. 2.2),
specially at very young ages (<2 Myr). After 2∼3 Myr, it shows a clear and smooth
decay and reaches a ∼ zero level around 10∼30 Myr, as observed at shorter wavelengths.
To estimate the timescale of excess decay, we fit an exponential law to:
1. The whole primordial disks dataset: τ=5.5 ± 1.4 Myr.
2. The highest values at every given age: τ=4.2 ± 0.6 Myr.
3. The lowest value at every given age: τ=5.8 ± 1.5 Myr.
In all three cases – including the extremes – τ is significantly higher than in the short
and intermediate wavelength ranges. Fitted values with their estimated errors for the
short, intermediate, and “primordial” long wavelength regimes are given in Table 2.5.
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Table 2.5: Values and errors obtained from fitting and exponential decay to disk fractions
with time. In the case of long wavelength range, only “primordial” disks were fitted, and hence
no value is provided for “evolved” disks (see Sect. 2.6).
Wavelength range A τ C
(%/Myr) (Myr) (%)
Short 80 ± 10 2.3 ± 0.5 4 ± 2
Intermediate 80 ± 10 2.8 ± 0.8 5 ± 2
Long (“primordial”) 40 − 100 4.2 − 5.8 0 − 2
2.7 Discussion
2.7.1 Wavelength-dependent disk fractions
The unprecedented size of our sample and the consistency of our analysis allows for the
first time to perform statistically robust measurements of disk fractions as a function of
both time and wavelength. Figure 2.2 shows that below 10 Myr, disk fractions derived
from MIR excess systematically increase with wavelength (as shown in Table 2.4). We
note that this difference could be affected by the stringent “excess” criterion applied
here, which could favor the detection of strong excesses typical of MIR bands. We verify
that the trend of increasing disk fractions with wavelength up to 10 Myr is still present
when a χ >3 cut is used. This result suggests that great care should be taken when
comparing studies of disk fractions derived using different wavelength ranges.
2.7.2 Disk decay and dust evolution
The timescale of MIR excess decay obtained in the short and intermediate wavelength
ranges are found to be similar, suggesting that the corresponding dust populations
evolve on a similar timescale. One the other hand, Fig. 2.2 shows that there is more
excess at intermediate wavelengths at a given age than at short wavelengths. The two
results combined suggest that the dust emitting at shorter wavelengths – which is in
average closer to the star – starts evolving sooner.
The higher MIR excess fractions at all ages and the longer decay times scale in the long
wavelength range (22-24 µm) both suggest that the dust at larger radii evolves slower.
Although marginal, the higher dispersion of the excesses distribution at long wavelengths
points toward a less coherent evolution of the dust in that regime than at shorter
wavelengths. The dust populations at larger radii are indeed believed to experience
both vertical (settling) and radial (mixing, migration, etc) transfers during the disk
evolution. Grain growth, leading eventually to planetary embryos, is also affecting the
disk properties and could participate to the observed scatter in time.
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2.7.3 Transition from protoplanetary to debris disks
Figure 2.4 shows flux ratios (observed over expected photospheric values) in the long
wavelength range (22-24µm) for all objects as a function of age. Primordial disks display
stronger excesses over the photosphere than their evolved counterparts. A sharp decline
in flux excess is observed around 10 Myr, indicating a significant change in the disk
properties at that stage. On the other hand, Figs. 2.2 and 2.3 show that disk fractions
reach a ∼ zero level at about the same time. These two results confirm the disk lifetime
of ≈10 Myr reported previously in the literature (Haisch et al. 2001b; Herna´ndez et al.
2007b, 2008; Mamajek 2009; Williams & Cieza 2011). Unfortunately, current data do not
provide information on whether the material found in young debris disks are remnants
of the protoplanetary stage, or it is a different dust population produced by planetesimal
collisions (Wyatt 2008). Dissecting this transition from the gas rich to gas poor phases
is one of the overall long-term goals of this project.
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Figure 2.3: Fraction of primordial (red circles) and evolved (blue squares) disk as a function
of age. The best fit exponential law for the primordial disk percentages is overplotted as a red
line. The red shaded area represents the fit obtained for two extreme cases: the highest and
lowest values at every age.
Tendencies for “evolved” disks are much harder to determine given their low number at
all ages. However, two interesting features can be identified in Fig. 2.3. First, “evolved”
disks are not present (or extremely uncommon) at young ages (. 5 Myr). Second,
the fraction of “evolved” disk seems to show a bump starting at ∼8 Myr, matching the
disappearance of the “primordial” disks. The latter feature, which needs to be confirmed
with a larger sample, reproduces the results by Currie et al. (2008) who reported an
increase of MIR emission from debris disks at 5–10 Myr, followed by a peak at 10–15 Myr,
and a decrease from there on in the double cluster h and χ Persei. They argue that this
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Figure 2.4: Ratios of the observed and predicted photospheric values in the long wavelength
range (22–24µm) as a function of age.
qualitatively matches the predictions from the debris disk evolution tracks by Kenyon
& Bromley (2004) for disk masses between 3 and 1/3 of the Minimum Mass Solar
Nebula, and that kilometer-sized planetesimals already formed between 0 and 2 Myr.
This suggest a disk self-stirring process (Wyatt 2008), which would fill the system with
dust produced by collisions of planetesimals and increase the MIR flux for some Myr at
22-24µm. As a result, a higher debris disk detection rate will be obtained, and hence
higher disk numbers. The combination of these two features (no “evolved” disks at
young ages, plus their fractions tentatively increasing when “primordial” disks start
disappearing) reinforces the idea of “evolved” disks being the outcome of “primordial”
disk evolution. Interestingly, the disappearance of “primordial” disks, and hence gas
(Sicilia-Aguilar et al. 2005, 2006), seems to match in time the period of dust stirring,
which indeed require negligible gas to be effective (Wyatt 2008).
2.8 Conclusions
We have compiled a large sample of 2 340 spectroscopically confirmed young stellar
objects from 22 nearby (< 500 pc) associations. Spectral energy distributions covering
from visible to MIR (22-24 µm) wavelengths have been built and visually inspected for
all the sources. We studied the disk fraction as probed by excess over the photosphere
in three wavelength ranges: 3.4–4.6 µm (short) , 8–12 µm (intermediate) and 22–22 µm
(long), and find:
− The excess fraction is dependent on the wavelength range considered. Transform-
ing excess percentages to disk percentages is therefore not straightforward, and
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special care must be taken when comparing disk fractions derived using differing
wavelengths.
− Significant discrepancies between the Spitzer and WISE photometry are found,
mostly due to confusion and extended background emission, and calling for a
revision of previous studies based on blind analysis of the WISE luminosities.
− MIR excesses are systematically more frequent at longer wavelength, compatible
with inside-out disk clearing scenarios.
− For primordial disks, the dust probed between 22–24µm seems to evolve more
slowly. Assuming an exponential decay, we derive a timescale τ of 4∼6 Myr at 22–
24 µm, compared to 2∼3 Myr at shorter wavelengths. This result is also compatible
with inside-out disk clearing.
− There is more dispersion in the fraction of excess sources with age when mea-
sured at 22–24 µm in comparison to shorter wavelengths, suggesting that other
mechanisms are involved in the evolution of the dust at larger radii.
− The fraction of “evolved” disks seems to rise around 8-10 Myr, and decrease again
afterward.
− The disappearance of “primordial” (potentially gas-rich) disks at 10∼20 Myr
matches in time the brief rise of the number of “evolved” disks. This result is
compatible with planet formation theories suggesting that the disappearance of the
gas is immediately followed by the dynamical stirring of the debris disk produced
by planetesimal collisions that will ultimately lead to planet formation.
− These last two conclusions reinforce the idea of “evolved” disks being the outcome
of “primordial” disk evolution.
Future studies based on the present sample will extend these results, obtained for the
integrated stellar mass spectrum, by investigating disk fractions and properties as a
function of stellar mass, age, and environment. The inclusion of FIR data from Herschel
will ultimately provide crucial information about outer disk regions and disk masses,
contributing to a much more complete picture of disk evolution.
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2.9 Appendix: on the discrepancy between Spitzer and
WISE data
The WISE mission used four IR bands (3.4, 4.6, 12, and 22µm, W1, W2, W3 and W4
respectively) to survey the whole sky. On the other hand, the Spitzer Space Telescope
observed several star-forming regions with its instruments IRAC (3.6, 4.5, 5.8, and
8 µm) and MIPS (24, 70 and 160µm, the last two not used in this study). IRAC1,
IRAC2 and MIPS1 bands are therefore comparable to W1, W2 and W4, respectively.
We computed the ratio of measured fluxes (as WISEband/IRACband) as a function of
IRACband flux, where band corresponds to each of the comparisons mentioned earlier.
The results are shown in Fig. 2.5: W1 and W2 are compatible with the corresponding
IRAC photometry, whereas W4 deviates significantly from MIPS1 measurements. We
found this effect to be more important for weaker fluxes, which could indicate two
different issues: (1) a problem with WISE flux estimates for unresolved sources, specially
important for confused regions, or (2) an important influence of extended background
emission. Figure 2.5 and 2.6 illustrate these two problems in the case of the IC 348
young stellar cluster. IC 348 is a rather dense young cluster with a high and variable
background level. WISE fluxes in the W3 and W4 bands were found to be incompatible
with the Spitzer ones. The full width at half-maximum (FWHM) of the W4 PSF is
11′′ (WISE All Sky Release Explanatory Supplement), considerably larger than the 6′′
FWHM of the MIPS1 PSF (MIPS Instrument Handbooks), resulting in a higher level of
confusion and a greater sensitivity to variable extended background. Figure 2.7 shows
an example of a problematic source within IC 348. If we trust the WISE photometry
blindly, a MIR excess is found at 12 and 22 µm. The corresponding Spitzer photometry
demonstrates that no such excess exists, and that the source most likely does not harbor
a disk.
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Figure 2.5: Differences between WISE and Spitzer data as a function of Spitzer fluxes for
the three comparable bands. Only WISE detections with S/N > 5 are plotted in each band.
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Figure 2.6: Three-color composite images of IC 348 as seen by Spitzer (left, blue: IRAC1,
green: IRAC2, and red: MIPS1) and WISE (right, blue: W1, green: W2, and red: W4). The blue
dots marks the position of 2MASSJ03443274+3208374, which SED is shown in Fig. 2.7
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Figure 2.7: SED of 2MASSJ03443274+3208374, a source located in a crowded region with
variable extended emission (see Fig. 2.6).
3
Disk evolution as a
function of stellar mass
Several factors could impact the evolution of protoplanetary disks, both internal to the
system (e.g., stellar mass) and external (e.g. radiation fields). If these issues play a role
in this evolution, then the outcome of planet formation may be directly linked with
stellar and/or environmental properties. In this chapter, we use the database compiled
in Chapter 2 to look for dependencies with the mass of the host star. The unprecedented
size of this sample allows us to split it in age and mass bins and still obtain statistically
robust evidence of different disk evolution timescales around T Tauri and Herbig Ae/Be
stars.
This work was published as Ribas et al. 2015, A&A, 576, A52.
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Abstract
Aims: We study the dependence of protoplanetary disk evolution on stellar mass using
a large sample of young stellar objects in nearby young star-forming regions.
Methods: We update the protoplanetary disk fractions presented in our recent work
(paper I of this series) derived for 22 nearby (< 500 pc) associations between 1 and
100 Myr. We use a subsample of 1 428 spectroscopically confirmed members to study
the impact of stellar mass on protoplanetary disk evolution. We divide this sample
into two stellar mass bins (2 M boundary) and two age bins (3 Myr boundary), and
use infrared excesses over the photospheric emission to classify objects in three groups:
protoplanetary disks, evolved disks, and diskless. The homogeneous analysis and bias
corrections allow for a statistically significant inter-comparison of the obtained results.
Results: We find robust statistical evidence of disk evolution dependence with stellar
mass. Our results, combined with previous studies on disk evolution, confirm that pro-
toplanetary disks evolve faster and/or earlier around high-mass (> 2 M) stars. We also
find a roughly constant level of evolved disks throughout the whole age and stellar mass
spectra.
Conclusions: We conclude that protoplanetary disk evolution depends on stellar mass.
Such a dependence could have important implications for gas giant planet formation
and migration, and could contribute to explaining the apparent paucity of hot Jupiters
around high-mass stars.
Key words: Planetary systems: protoplanetary disks, planet-disk interactions – stars:
formation – (stars:) planetary systems – stars: pre-main sequence
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3.1 Introduction
Studying the evolution of protoplanetary disks around young stellar objects (YSOs) is
crucial to better comprehend how planets form. Understanding the effects of fundamental
parameters such as age, stellar mass, environment, or binarity provides insight into
the planet formation processes, and could shed light onto important relations between
planetary systems and their stellar hosts. Several studies on this topic (see e.g. Williams
& Cieza 2011; Alexander et al. 2014; Espaillat et al. 2014) have already drawn a
comprehensive picture of protoplanetary disk evolution.
In the first paper of this series (Ribas et al. 2014, hereafter R14) we presented a large
sample of ∼ 2 300 spectroscopically confirmed YSOs in 22 young (< 100 Myr) and
nearby (< 500 pc) star-forming regions and associations; R14 used this large sample with
very low contamination and high completeness levels to derive accurate disk fractions
and protoplanetary disk dissipation timescales. Their results, in good agreement with
previous estimates (Haisch et al. 2001b; Herna´ndez et al. 2007b, 2008; Mamajek 2009;
Fedele et al. 2010; Murphy et al. 2013) served as a benchmark to test the reliability and
robustness of the sample and methods used in R14.
The evolution of protoplanetary disks and planets are closely connected as the disk
properties define the initial conditions of planet formation, and the planet evolution
subsequently affects the disk properties (e.g. Kley & Nelson 2012; Baruteau et al. 2014).
The disk lifetime is a fundamental parameter to understand the interplay between a
disk and its planets, since it determines the time available for the planets to form and
migrate (e.g. Burkert & Ida 2007; Alexander & Armitage 2009). A dependence of the
disk lifetime on the stellar mass could have strong implications for planet formation
and migration theories (see e.g. Raymond et al. 2014; Helled et al. 2014; Baruteau
et al. 2014, for recent reviews on this topic), and ultimately result in different planetary
populations around low-mass and high-mass stars. Previous studies have already found
hints of protoplanetary disks evolving faster around massive stars (e.g. Carpenter et al.
2006; Dahm & Hillenbrand 2007; Kennedy & Kenyon 2009; Roccatagliata et al. 2011;
Fang et al. 2012; Yasui et al. 2014), but these studies focused on individual regions
and/or were potentially affected by different systematics (e.g., low-number statistics,
sensitivity biases, contamination from background giant stars, different completeness
levels). As a result, a direct comparison of their results is difficult and a statistically
robust confirmation of a possible dependence of the disk lifetime with stellar mass has
been elusive so far.
In this second paper of the series, we study the influence of stellar mass on disk evolution
using the large and homogeneous sample compiled in R14. Section 3.2 updates the study
on R14. In Sect. 3.3 we describe the methodology and criteria used to analyze the disk
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evolution dependence with stellar mass, and the obtained results are shown in Sect. 3.4.
The implications of this study are discussed in Sect. 3.5.
3.2 Updates on paper I
3.2.1 Description of the sample and bias corrections
We first make a short summary of the sample compilation and completeness corrections
in R14. The dataset was obtained by combining several stellar population studies of
different young regions and associations (see Table 1 in R14 for a complete list of
references). These works used a variety of methods to confirm membership depending
on stellar masses (e.g. presence of lithium in the spectra, accretion, or X-ray properties).
Every object also has a spectroscopic measurement of its spectral type, minimizing
the contamination from background giant stars and extragalactic sources. Moreover,
these studies were specifically designed to make a complete census of the stellar content
over a given mass range and should not be biased towards excess-bearing stars, for
example. We therefore expect the compiled sample to be at least representative of (if
not complete) the stellar population of each of the considered regions. The covered
stellar mass spectrum ranges from O-type to late M-type stars in all regions. We note
that R14 did not re-estimate or discuss membership for any target.
Our main aim in R14 was to derive accurate disk fractions for the considered regions
via IR excesses. This dependence on the availability of IR data could bias the sample,
and two additional steps were considered to prevent this:
− spatial correction, i. e., only sources within the field of view of IR surveys (Spitzer
or WISE, see below) were considered. Given that disks are identified via IR
measurements, sources lacking these data could be incorrectly classified as “diskless”
(since no IR excess is found), even though there is no information to classify them
(we do not know whether these sources have IR excess or not). We gathered IR
data from the all-sky WISE survey (Wright et al. 2010) to study associations from
the SACY sample (Torres et al. 2008), and therefore they were not affected by this
problem. For the rest of the regions, however, we used data from different Spitzer
Space Telescope programs and surveys, which were limited in their spatial coverage.
In these cases, we checked the position of each source and did not considered those
outside the respective Spitzer map;
− sensitivity correction, i. e. only sources with predicted photospheric level above
the sensitivity limit of the corresponding observations were considered. Sources
with disks have IR excesses, and therefore are easier to detect than naked stars (a
process known as the Malmquist bias). We therefore considered only objects with
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predicted stellar emission (from photospheric models scaled to match the observed
fluxes) above the corresponding sensitivity limit and wavelength. We also took
into account the dependence of this limit with the corresponding photometric
band and survey. For NIR observations, most of the stars fulfill this requirement,
and therefore the sample is expected to be complete down to mid or late M-type
stars. In the MIR, the sensitivity of the observations is more restrictive and the
completeness level drops down between late K- and mid M-type stars, depending
on the distance of the region.
The result of this process is a representative sample of young (1-100 Myr) nearby
(< 500 pc) star-forming regions and associations with minimum biases.
3.2.2 Updates of paper I
Ribas et al. (2014) identified IR excesses via excess significance, defined as:
χλ =
Fobserved,λ − Fphotosphere,λ
σObserved,λ
where Fobserved,λ is the observed flux, Fphotosphere,λ is the corresponding model photo-
spheric flux, and σObserved,λ is the error at the corresponding wavelength (λ). In R14,
bands with χ ≥ 5 were considered to harbor excesses. This procedure allowed us to com-
pute disk fractions for each region at different wavelengths after correcting for sensitivity
and spatial completeness (see R14 for a description of the method used).
We updated the study in R14 using new results from the literature as well as improved
methods and calculations. In particular:
− the association Cha was mistakenly named ηCha in R14;
− the distance to Serpens has been updated to 415±15 pc from Very Long Baseline
Array observations of one star (Dzib et al. 2010);
− we have improved our estimate of the sensitivity completeness limits for each object
by taking into account the extinction. The sensitivity limit should be compared
against the reddened photospheric value. Reddened photospheres are flatter (once
normalized) than derredened ones, and hence impose looser conditions for the
detection limit. As a result, the total number of sources within the completeness
limits increased significantly, allowing for better statistics and slightly varying the
disk fractions in R14 (see Appendix);
− the disk identification method in R14 is based on excess significances, which depend
on the photometric errors (both observational and systematic). Hence, the disk
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fractions derived in our study depend strongly on the sensitivity of the Spitzer
and WISE observations. Smaller errors would result in a higher disk detection
rate. The photometric data in R14 were compiled from different programs that
used different techniques to estimate the photometric errors. Homogenizing the
errors for the whole sample is therefore essential to guarantee a constant and
coherent disk detection efficiency in our heterogeneous dataset. Figure 3.1 shows
the photometric uncertainties as a function of apparent luminosity in IRAC3 and
4 and MIPS1 bands for the sample of 13 star-forming regions with Spitzer data.
All regions but two (IC348 and Ophiuchus) have uncertainties at or below 7%
in all IRAC 3 and 4 bands, and at or below 12% in MIPS1. We interpret the
larger uncertainties for IC348 and Ophiuchus as the result of the conspicuous and
highly variable MIR background observed in both regions at these wavelengths.
To ensure a homogeneous disk detection rate across the entire sample, we rejected
Ophiuchus and IC348 for the rest of our analysis, and set a conservative constant
photometric error of 7% for IRAC and WISE1, 2, 3 bands, and 12% for MIPS1
and WISE4 in the χλ calculations. The final sample is comprised of 1 809 sources
(see Table 3.4).
After these updates, we repeated the analysis in R14 and derived disk fractions in each
association. We then fit these disk fractions as a function of time using an exponential
law of the form:
Ae−t/τ + C
where t is the age of the region (in Myr), and A, τ and C are left as free parameters.
In this simple parametric model, A represents the initial fraction of sources with IR
excess, τ can be interpreted as the characteristic timescale of IR excess decay, and C is
a possible constant level.
The updated values are presented in the Appendix (Tables 3.4 and 3.5, and Figs. 3.7
and 3.8). These results are in agreement with previous studies (e.g. Lada et al. 2000;
Herna´ndez et al. 2007b, 2008; Murphy et al. 2013) and supersede our results in R14.
We note that we have combined data for regions at different distances, and therefore the
sensitivity limit in spectral type is different for each of them. The overall completeness
(all regions combined) for results with NIR data (IRAC-WISE1,2,3) is around 0.1 M.
For MIR (MIPS1-WISE4), the sensitivity and the completeness limit increases to 0.4 M.
3.2.3 Impact of new membership estimates and region ages
New membership estimates are available in the literature for some of the regions and
associations in this study (e.g. Cha, TW Hya Murphy et al. 2013; Ducourant et al.
2014), which could have an impact on our results. However, these works have modified
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Figure 3.1: Ratio of the total uncertainty (observational and systematic) over the observed
flux as a function of magnitude. IRAC3, IRAC4, and MIPS1 bands are shown. Sources from
discarded regions (IC348 and Ophiuchus) are represented as red crosses, the rest of the sources
as black dots. The black solid line corresponds to the homogenized uncertainty levels of 7 % (all
IRAC bands) and 12 % (MIPS1). The black dashed line shows the sensitivity limit for each band,
as indicated by the observing programs. Objects falling beyond this limit in the MIPS1 plot are
caused by noise (e.g., uncertainties in Teff , AV ) in the corresponding photosphere fit, and were
kept in the sample.
the overall members of these associations by a small factor and moreover, our results will
be still valid as long as the considered sample is representative of their stellar population.
In addition, the original SACY sample has a homogeneous sensitivity for each region.
By including other surveys with completely different selection criteria we might add
systematics and biases difficult to detect and account for. Hence, for consistency with
R14, we do not update membership or include new objects in this work.
Furthermore, the age estimates for the regions in our study are crucial for our analysis.
Absolute ages of young associations are hard to determine, and some recent works have
shown that the adopted values may be underestimated by a factor of two (Bell et al.
2013). However, the relative age sequence is easier to derive and is expected to be more
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precise (Soderblom et al. 2013). This is actually reinforced by the disk fractions derived
for these regions: these measurements are independent of the age of the regions, yet
they clearly decrease once sorted by age (see Appendix). We therefore assume the same
age values as in R14, and we note that our estimates of disk lifetimes may be subject
to modifications by a scaling factor, depending on the real absolute ages.
3.3 Stellar masses and ages
In this section, we study a possible dependence of disk evolution - as probed by disk
fractions - as a function of stellar mass. To optimize the disk detection rate, we chose
to limit the study to regions observed with the Spitzer Space Telescope. Its sensitivity
and spatial resolution are significantly better than those of WISE, and allow a search
for fainter excesses over the photospheric emission. A total of 1 428 sources from 11
associations were observed with Spitzer (see Table 3.1). We note that this value is
smaller than the initial sample, since we are not including associations studied with
WISE data in R14 (i.e., the SACY sample). The better sensitivity and spatial resolution
of the Spitzer observations allow us to lower the threshold for excess detection. In the
following we consider as excess any photometric measurements displaying χ ≥ 3 (instead
of χ ≥ 5 used in Sect. 3.2).
Stellar luminosities were obtained by scaling the best-fit photospheric model (BT-Settl
models, Allard et al. 2012) to the dereddened photometric data (see R14) and integrating
it over the entire stellar spectrum. In this way, the calculation does not depend on
uncertain bolometric corrections. These luminosities were transformed into masses
using the mass-luminosity relationship given by the pre-main sequence isochrones of
the corresponding age in Bressan et al. (2012).
To study the influence of stellar mass in the evolution of protoplanetary disks, we divided
the sample into two age bins and two mass bins:
− The age cut separating young and old objects was set to 3 Myr. This is similar to the
typical timescale of disk decay found in Sect.3.2 (see Appendix) for protoplanetary
disks. A total of three regions (25 Ori, λ Ori, and Upper Sco) make up the “old”
sample adding up to 489 sources, whereas the rest of the associations (939 sources)
make up the “young” sample.
− The mass cut between low- and high-mass objects was set to 2 M. Although
somewhat arbitrary, this threshold is usually considered as the separation between
T Tauri and Herbig stars. Given their different physical properties (e.g. radiation
fields, stellar winds or accretion rates, see Calvet et al. 2005; Garcia Lopez et al.
2006; Hillenbrand 2008), it is likely that disks evolve differently around them. In
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Table 3.1: Young nearby star-forming regions included in the study of protoplanetary disk dependence on stellar mass.
Name Age Distance Membership and SpT Spitzer photometry Number of sources
(Myr) (pc)
25 Orionis 7-10 330 (1) (1) 46
Cha I 2 160-165 (2) (3) (4) (3) (4) 212
Cha II 2±2 178±18 (5) (31) 47
CrA 1-3 138±16 (6) (7) (8) (9) (32) 35
λ Orionis 4 400±40 (10) (33) 114
Lupus 1-1.5 140 - 200 (11) (12) (13) (14) (31) 217
NGC 1333 1 235±18 (15) (34) 74
σ Orionis 2-3 440±30 (16) (17) (18) (19) (20) (21) (22) (35) 104
Serpens 2 415±15 (15) (23) (31) 142
Taurus 1-2 140 (24) (25) (26) (27) (26) (27) 265
Upper Sco 11±2 140 (28) (29) (30) (29) 405
(1) Herna´ndez et al. (2007a); (2) Luhman (2007); (3) Luhman et al. (2008a); (4) Luhman & Muench (2008); (5) Spezzi et al. (2008); (6) Neuha¨user et al. (2000); (7) Nisini
et al. (2005); (8) Sicilia-Aguilar et al. (2008); (9) Sicilia-Aguilar et al. (2011); (10) Bayo et al. (2011); (11) Krautter et al. (1997); (12) Allen et al. (2007); (13) Comero´n
(2008); (14) Mortier et al. (2011); (15) Winston et al. (2009); (16) Zapatero Osorio et al. (2002); (17) Muzerolle et al. (2003b); (18) Barrado y Navascue´s et al. (2003); (19)
Franciosini et al. (2006); (20) Caballero (2007); (21) Sacco et al. (2008); (22) Rigliaco et al. (2012); (23) Oliveira et al. (2009); (24) Luhman (2004b); (25) Monin et al.
(2010); (26) Rebull et al. (2010); (27) Rebull et al. (2011); (28) Preibisch et al. (2002); (29) Carpenter et al. (2006); (30) Lodieu et al. (2011); (31) Evans et al. (2009);(32)
Peterson et al. (2011); (33) Barrado y Navascue´s et al. (2007); (34) Gutermuth et al. (2008); (35) Luhman et al. (2008b)
DISK EVOLUTION AS A FUNCTION OF STELLAR MASS 63
addition, such a mass cut has the advantage of separating the sample so that both
bins have enough sources for meaningful statistics.
Therefore, for the rest of the study we classified sources as:
− “young” if 1 Myr ≤ age ≤ 3 Myr, “old” otherwise
− “low-mass” if M∗ < 2 M, “high-mass” otherwise
3.4 Disk fractions vs stellar mass and time
The presence of dust around stars is usually detected as IR excess over the photospheric
level: the dust is heated by the stellar radiation, and re-radiates with typical temper-
atures of tens or hundreds of Kelvins. However, the amount and shape of this excess
depends strongly on the disk characteristics. Protoplanetary disks display excess at NIR
wavelengths (< 10µm, Williams & Cieza 2011): these are disks that extend from the
close regions (< 1 AU) of the stellar system to hundreds of AUs. However, the evolution
of disks is thought to remove dust from the inner regions (e.g. Koepferl et al. 2013;
Alexander et al. 2014, R14), leaving only MIR (24µm) or even FIR (> 50µm) excesses
as in the case of transitional and debris disks (Wyatt 2008; Williams & Cieza 2011).
3.4.1 Protoplanetary disks
In this section, we limit the study to NIR excesses observed with IRAC, which offers the
best sensitivity to the coolest objects of our sample, and therefore allows us to estimate
disk fractions over a larger mass range. Unfortunately, IRAC photometry alone does
not allow a fine classification of disks. We therefore define two simple groups:
− protoplanetary disks are defined here as those sources having excesses at wave-
lengths shorter than 10µm (either 5.8 or 8µm, i.e., IRAC3 and/or IRAC4 bands).
This definition encompasses the classic protoplanetary disks.
− processed disks are defined as sources without excess either at IRAC3 or IRAC4
bands. They could be transitional disks, debris disks, or diskless stars, but are
indistinguishable based on IRAC photometry alone. In all cases their disks (if
present) have reached a more advanced level of processing than the protoplanetary
disks defined above.
We applied the sensitivity completeness correction as defined in Sect. 2 to ensure that
the sample is not biased towards disk-bearing sources. A total of 1 033 objects met this
criteria for IRAC4 (the strictest sensitivity limit for IRAC bands). However, as pointed
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Figure 3.2: Evolution of protoplanetary disks (red) and processed (yellow) disks for each
mass and age bin. The number of sources in each bin is shown within brackets. Errors are less
than 6 % (see Table 3.3).
in Sect. 3.2, the considered regions are at different distances and so the sensitivity limit
translates into a different completeness limit in spectral types for each of them. We
computed the limiting spectral type for each region, i.e. the latest spectral type detected
with the corresponding sensitivity limit (see Table. 3.2). Given its distance and age, 25
Orionis has a significantly earlier limiting spectral type than the rest of the regions,
and we do not consider it in the analysis. Therefore, we cut the sample to the most
restrictive limiting spectral type (M7, Cha II and λ Orionis). After this procedure, the
resulting IRAC sample is comprised of 962 sources.
We then divided this sample using the mass and age cuts described in Sect. 3.3. The
result of this process is shown in the form of pie charts in Fig. 3.2 and in Table 3.3.
Errors for the disk fractions were estimated using the bootstraping method further
described in Sect. 3.4.3, and are typically less than 6 %.
After inspection of Fig. 3.2 some conclusions can be drawn:
− Protoplanetary disks are significantly more frequent around low-mass stars than
around high-mass stars, independent of the age.
− As expected, protoplanetary disk fractions decrease significantly at older ages for
both low- and high-mass stars.
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3.4.2 Evolved disks
As mentioned in Sect. 3.4.1, IRAC photometry alone does not allow a fine classification
of processed disks. Photometric measurements at longer wavelengths are required to
assess whether a source has a transitional or debris disk or if it is a diskless star. In an
attempt to distinguish these categories, we repeated the analysis presented in Sect. 3.4.1
including MIPS1 data. The 24 µm photometry allows he processed disks to be divided
into two more precise categories:
− evolved disks, having no excess at IRAC3 or IRAC4, but with an excess at MIPS1.
They include transitional and hot debris disks, as well as a small fraction of edge-
on disks (e.g Hue´lamo et al. 2010) and circumbinary disks (e.g Ireland & Kraus
2008).
− diskless stars, displaying no excess at IRAC and MIPS1 bands. They include
genuine diskless stars as well as colder (more evolved) debris disks that emit only
at FIR wavelengths.
The same special care was taken to avoid any sensitivity bias, and we kept only the
sources with predicted photospheric fluxes above the sensitivity limit of the observations.
MIPS1 observations are usually less sensitive than IRAC ones. We applied the same
procedure as in the previous case and excluded the regions with significantly worse
limiting spectral type (σ Orionis). The final sample was limited to spectral types earlier
than M4 (the corresponding limiting spectral type of CrA). As a result, the total number
of sources meeting this criteria dropped to 389. While smaller and encompassing a
narrower mass range, this sample allows a more detailed look at the evolution of the
inner disk via the study of transitional (evolved) disks.
The sample was then split into the mass and age bins defined previously. The results
are shown in Fig. 3.3 and Table 3.3. We note in particular that
− the results are consistent with those obtained in Section 3.4.1 for protoplanetary
disks within the uncertainties (see Sect. 3.4.3);
− evolved disks are more frequent around high-mass stars than around low-mass
stars, independently of the age;
− a roughly constant fraction of evolved disks is found at young and old ages. A
small difference seems to arise for high-mass stars (23 % to 31 %), but it is not
statistically significant.
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Figure 3.3: Frequencies for protoplanetary (red), evolved (blue) and diskless (gray) objects.
The number of sources in each bin is shown in brackets. Errors are less than 8 % (see Table 3.3).
Table 3.2: Sensitivity limits in spectral type for the IRAC and MIPS1 samples for each
association considered in this study. Ellipses indicate that there are no objects in the sample
with IRAC/MIPS1 above the corresponding sensitivity limit in that region. The adopted limiting
spectral type for each case is marked with an asterisk. Regions not included in the corresponding
sample are specified.
Region IRAC sample MIPS1 sample
25 Orionis M5 (excluded) . . .
Cha I M9 M6
ChaII M7* M5
CrA M8 M4*
λOrionis M7* . . .
Lupus M9 M9
NGC1333 M8 M5
σOrionis M8 M0 (excluded)
Serpens M9 M8
Taurus M9 M6
Upper Sco M9 M5
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3.4.3 Significance of the results
The large number of sources included in the various samples in Sects. 3.4.1 and 3.4.2
does not guarantee the significance of the differences observed in Figs. 3.2 and 3.3
and Table 3.3. Calculating uncertainties using standard error propagation or Poisson
statistics is neither practical nor trivial in the case of our analysis. The computed
fractions depend on several different parameters (e.g., photometric errors, Teff value
and AV fit, photospheric models and adopted isochrones,...) and the age and mass
thresholds selected to split the sample could have an impact on the results and their
interpretation.
For these reasons, we tentatively estimate uncertainties on the disk fractions by per-
forming bootstrapping (1000 iterations) randomly varying the Teff , photometric fluxes,
the young/old boundary, the high mass/low mass boundary, and the object distances
within normal distributions with σ of 50 K, σflux, 0.5 Myr, 0.25 M, and error in the
region’s distance (or 20 pc when no error was available). Uncertainties on the age of
the sources were not included in the bootstrapping; although absolute ages are hard
to determine, relative ages are expected to be more accurate (Soderblom et al. 2013).
Additionally, our analysis considers only two clearly separated age bins.
The bootstrapping yielded probability density functions (PDFs) of disk fraction for each
sample, and should account for most uncertainties in the calculations. The standard
deviation of the PDFs (which are close to normal) provides a reasonable estimate of
the final uncertainties on the disk fractions and are reported in Table 3.3.
Overall, the estimated uncertainties suggest that the differences seen in the disk fractions
are statistically significant, and that the distributions for high-mass and low-mass stars
are different.
We also checked our results to vary little (a few percentage points) when modifying
the mass cut between 1.5 and 2.5 M, and hence our conclusions are robust against the
selected mass threshold. Given the lack of regions in the 4-8 Myr regime, it is not possible
to test the impact of a different age cut in detail. Our aim is to separate sources which
are clearly younger or older, and this value is likely not to have a very strong impact
on our study. For this reason, our results are weakly dependent on age uncertainties, as
long as relative ages are properly estimated (see discussion in Sect. 3.2.3).
3.4.4 Disk fractions and stellar temperature (mass)
Our definition of protoplanetary, evolved and diskless sources depends on the wavelength
at which excess over the photosphere is found. Because the temperature distribution
in the circumstellar disk depends directly on the stellar effective temperature and
luminosity, the classification probably suffers from a dependence on stellar temperature.
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Table 3.3: Results from the analysis of disk frequencies as a function of age and mass. See also Figs. 3.2 and 3.3. Errors are one standard deviation from the
computed PDFs.
Disk type Young+Low-mass [%] Young+High-mass [%] Old+Low-mass [%] Old+High-mass [%]
Protoplanetary disks (Section 3.4.1)
Protoplanetary (IRAC4 detection limit) 63±2 38±6 17±2 2+4−2
Processed (IRAC4 detection limit) 37±2 62±6 83±2 98+2−4
Protoplanetary and evolved disks (Section 3.4.2)
Protoplanetary (MIPS1 detection limit) 66±4 36±8 8±2 2+4−2
Evolved (MIPS1 detection limit) 9±2 31±7 8±3 23±6
Diskless (MIPS1 detection limit) 25±3 33±8 84±3 75±7
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Infrared emission at a certain wavelength likely originates from different regions of the
disk for hot (massive) and cool (low-mass) stars, and may even arise from different disk
types.
This effect is probably not critical for our analysis of protoplanetary sources (Sect. 3.4.1).
These dense and massive disks have complex physical structures, and the IR excess at
a certain wavelength is emitted from relatively large areas of the disk. Moreover, the
protoplanetary definition is based on the presence of excess over a relatively wide
wavelength range, ensuring that the corresponding emission comes from broad areas of
the disk regardless of the stellar mass.
On the other hand, our definition of evolved disks relies primarily on IR excess at 24µm
(MIPS1). The area of the disk probed at 24 µm is expected to vary significantly between
massive and low-mass stars, and might make the comparison of the excess fractions and
their interpretation more difficult.
To test how much this dependence might affect our results, we computed a grid of radia-
tive transfer models of circumstellar disks using the code MCFOST (Pinte et al. 2006).
We found that synthetic SEDs classified as evolved according to our criterion always
corresponded to higher levels of disk processing regardless of the star’s temperature.
These simple simulations suggest that our classification scheme is efficient and robust
enough to allow a comparison of the results obtained for high and low-mass stars.
Finally, a comparison of the evolution of evolved disks can be performed within the same
mass bin, removing most of the previous dependency on stellar temperature. Figure 3.4
shows the PDFs of the ”evolved” disk fractions obtained in Sect. 3.4.3 for high-mass
stars on the one hand and low-mass stars on the other hand. The PDFs are completely
compatible both for low-mass and high-mass stars, pointing to a roughly constant level
of evolved disks within the uncertainties at any age regardless of stellar mass.
3.5 Impact of stellar mass on disk evolution
3.5.1 Dependence of protoplanetary disk lifetimes on stellar mass.
Previous observational studies had already found lower protoplanetary disk fractions
around high-mass stars and suggested that their protoplanetary disks disperse earlier
and/or evolve faster (see e.g Williams & Cieza 2011, for a review ). A number of these
studies focused on individual regions, making it hard to confirm a global dependence
of protoplanetary disk evolution on stellar mass independently of the environment and
method used to identify the disks (e.g Lada et al. 2006; Dahm & Hillenbrand 2007;
Currie et al. 2009; Carpenter et al. 2006, in IC348, NGC 2362 and Upper Sco). Kennedy
& Kenyon (2009) performed an original and coherent study of disk frequencies in nine
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Figure 3.4: Comparison of the obtained PDFs for evolved sources as a function of age and
for the two stellar mass bins.
young associations by combining optical spectra and IR photometry. In contrast to
our study, they found only a weak dependence of disk dispersal on stellar mass. The
ages used in their study have been improved and sometimes changed significantly. For
example, the age of Upper Sco was recently re-estimated to 11 Myr Pecaut et al. (2012)
from an original 5 Myr (Preibisch & Zinnecker 1999), resulting in a noisier distribution
of disk fraction as a function of age in their study.
Our results demonstrate quantitatively that protoplanetary disks dissipate significantly
faster and/or earlier around high-mass stars, as we find between 10 and 30 % more
protoplanetary disks around low-mass stars regardless of the age.
Our data additionally show that the disk fraction for high-mass stars falls to ≈0%
anytime between 3 and 11 Myr, and suggest that protoplanetary disks disperse up to
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Figure 3.5: Evolution of protoplanetary disks as a function of mass, as derived in this study.
two times faster around high-mass stars than around low-mass ones. More data for
regions with intermediate ages are needed to better constrain this ratio.
Interestingly, other studies found a higher (80-85 %) protoplanetary disk fraction and
no dependence with stellar mass in the younger Trapezium cluster (< 1 Myr, Lada et al.
2000) and NGC 2024 cluster (< 0.4-1.4x105 yr, Haisch et al. 2000). Combined with the
present study, these results suggest that
− the disk fractions before 1 Myr are in the continuity of the results presented here;
− the dependence of disk fractions on stellar mass appears after the first Myr of
the star’s lifetime, and persists until no protoplanetary disks are found around
∼ 10 Myr
Based on these two suggestions, we propose a scheme of disk evolution as a function of
stellar mass (see Fig. 3.5). The timescale of protoplanetary disk formation and evolution
is mostly independent of stellar mass until the first Myr. At 3 Myr, significant differences
are already observable between the evolution of protoplanetary disks around low- and
high-mass stars. By ∼ 10 Myr, no protoplanetary disks are found around high-mass
stars, but ≈10-15 % of low-mass stars still harbor a disk. Stronger radiation fields and
higher accretion rates of high-mass stars (Calvet et al. 2005; Garcia Lopez et al. 2006;
Hillenbrand 2008) are likely to affect the evolution of protoplanetary disks even during
the first Myrs, fastening the processes responsible of disk dispersal (Alexander et al.
2014).
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3.5.2 A constant level of evolved disks
We find the fraction of evolved sources to remain constant with age both for low- and
high-mass stars: 5-15 % of low-mass stars display this kind of excess, and the fraction
increases to 20-30 % for high-mass objects (see Fig. 3.4). Again, the dependence with
stellar mass of the disk radii probed at a certain wavelength should be consider and it
could, in fact, account for the higher fraction of evolved disks around high-mass stars.
Nevertheless, the obtained values at these ages can be established to be within 5-30 %.
The evolved disk definition proposed here includes transitional disks, hot debris disks,
edge-on disks and circumbinary disks. Unfortunately, the classification does not allow
us to discriminate between these four types of disks. We nevertheless note that simple
geometric considerations suggest that edge-on disks must be relatively rare contribute
only moderately to the population of evolved disks presented here. Hot debris disks are
expected to appear mostly at later stages of disk evolution and must populate mostly
the older bin of our analysis. Circumbinary disks are expected to be common given the
multiplicity frequency among stars (e.g Bouy 2011), but only the closest systems would
mimic the SED of evolved disks defined here (e.g as in Ireland & Kraus 2008; Nguyen
et al. 2012). The evolved disks in the young (< 3 Myr) bin are therefore most likely
primarily made of transitional and circumbinary disks, and our analysis suggests that
these two types of disks can be found even during the very first Myrs of stellar life.
Finally, we also note that the higher fraction of evolved disks – which include circumbi-
nary disks – around high-mass stars is also consistent with their higher multiplicity
frequency (Ducheˆne & Kraus 2013).
3.5.3 Transitional disks
We stress that the current data in our sample cannot be used to isolate transitional
disks among evolved disks. With this limitation in mind, it is nevertheless interesting
to compare the properties of evolved disks of the present study to the properties of
transitional disks as reported in the literature.
Transitional disks are a particularly interesting kind of circumstellar disks that harbor
a gap and/or cavity (Andrews et al. 2011). Various mechanisms have been proposed to
explain the existence of these gaps and cavities. They can be produced by the formation
of planets (Espaillat et al. 2014), grain growth, photoevaporation or the formation of
low-mass companions (Birnstiel et al. 2012; Alexander et al. 2014; Papaloizou et al.
2007). The connection between transitional disks and planets – as demonstrated by
several resolved images of planetary mass companions within the gap or cavity (e.g
Hue´lamo et al. 2011; Kraus & Ireland 2012; Quanz et al. 2013; Close et al. 2014) –
makes them a cornerstone for theories of planet formation and evolution.
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First, we note that the fraction of evolved disks derived by our analysis (between 5
and 30%) is consistent with transitional disk fractions reported in the literature (e.g.
Skrutskie et al. 1990; Kenyon & Hartmann 1995; Andrews & Williams 2005; Cieza et al.
2007; Mer´ın et al. 2010).
Second, previous studies have established the duration of the transition phase to be
≈ 1 Myr (Alexander et al. 2014), which is in agreement with the combined 5-30 % of
evolved sources and the ≈10 Myr disk lifetime, if one assumes that all disks go through
a transitional phase. Within the planet formation scenario, only Jovian planets are
likely to produce a gap in their protoplanetary disk (Lin & Papaloizou 1986; Marsh &
Mahoney 1992; Nelson et al. 2000; Calvet et al. 2002; Rice et al. 2003), and so it is also
plausible that not all planetary systems go through a transitional phase during their
formation. If that is the case, then the estimated ≈ 1 Myr duration of this phase should
be regarded as a lower limit.
3.5.4 Implications for planet formation and giant planet migration
To date, there are two main theories explaining the formation of planets: the core accre-
tion model (CA) and the disk instability model (DI) (see Helled et al. 2014; Raymond
et al. 2014, for recent reviews on this topic):
− In the CA scenario, a solid planetary embryo is formed by continuum accretion of
planetesimals onto this embryo. Terrestrial planets are likely formed in this way.
If the solid core becomes massive enough, it will also start accreting gas at an
increasing rate until no more gas can be obtained from the disk (either because
the disk has dissipated or because the planet has opened a gap in it). The result
of this process is a gas giant planet.
− In the DI model, a very massive disk is destabilized by its own gravity, leading to
the collapse of a region of the disk and potential formation of a giant planet or
brown dwarf.
So far, the CA model seems to better reproduce several observed properties of the
known exoplanets. For example, correlations are known to exist, both between the stellar
metallicity and giant planet occurrence, and between stellar and planetary metallicities
(e.g. Johnson et al. 2010). These correlations can be explained by the CA model, in
which higher metallicities result in more efficient planet formation. However, some known
exoplanetary systems cannot be explained within the CA frame (e.g. the system around
HR 8799, Marois et al. 2008), suggesting that DI may be responsible for the formation
of some gas giants at very large radii from their host stars and/or around low-metallicity
stars. It could also explain the existence of some brown dwarfs orbiting other stars. The
global planet formation process may be a combination of these two scenarios.
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If CA is the dominant mechanism, then planets are likely to form below the ice-line
(Ida & Lin 2004a): water can freeze into ice around the grains of dust, and increase the
efficiency of their aggregation to form the required planetary embryo. On the other hand,
formation at very large radii from the host star is also unlikely, since the solid accretion
rate of planetary embryos decreases with the distance to the star. As an example, the
optimal zone to form planets for a solar-type star is estimated to be between 5-10 AU
(Helled et al. 2014). Surprisingly, a significant number of Jovian-like planets are found
very close to their stars, and are referred to as hot Jupiters. This particular subgroup
of exoplanets suggests that a fraction of these gas giants migrate inwards after their
formation: once a gap is opened by the planet, it gets locked to the disk and exchanges
angular momentum with it, causing the planet to move closer to its host star (Type-II
migration, Papaloizou et al. 2007). Other migration processes such as planet-planet
scattering, Kozai resonances, or similar dynamic mechanisms (e.g. Kozai 1962; Wu &
Murray 2003; Naoz et al. 2011) are likely responsible for the fraction of hot Jupiters
whose spin is found to be misaligned with their planet-star orbits (Triaud et al. 2010;
Narita et al. 2010; Morton & Johnson 2011).
Within this theoretical framework, the obtained dependence of stellar mass and disk
lifetime would have two main implications:
1. Observational results tentatively suggest that massive stars are more likely to host
gas giants than their low-mass counterparts (Johnson et al. 2010). This trend
would be the result of two competing factors: high-mass stars have more massive
disks (e.g. Andrews et al. 2013), and so are more likely to form gas giants. On the
other hand, the present study shows that massive stars disperse their disks earlier.
Under some circumstances, the formation of giant planets could even last for some
Myr (Helled et al. 2014). Therefore, a fast dispersing disk may not live long enough
to form gas giants. If the observed trend (massive stars being more likely to host
giant planets) is real, then either a strong correlation between the stellar mass and
the ability to form giant planets exists to compensate for the shorter disk lifetime,
or giant planet formation is faster than the disk dispersal time regardless of the
stellar mass, or most of the planet formation process happens in the first million
years.
2. Type-II migration is active while the gaseous disk is present and the planet can
exchange angular momentum with it. The distribution of orbital semi-major axes
produced by these migration mechanisms is controlled by the ratio of the disk
depletion timescale to the viscous diffusion timescale at the distance where Jovian
planets form (Armitage et al. 2002; Trilling et al. 2002; Ida & Lin 2004b). A faster
dispersal of protoplanetary disks around high-mass stars would result in a shorter
disk depletion timescale, and therefore a shorter migration period (Burkert & Ida
2007; Currie 2009). Our results provide a robust confirmation of a faster disk
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Figure 3.6: Orbital semi-major axes as a function of the mass of the host star for the known
exoplanet population. Red circles show hot Jupiters (M > 1 MJ , period < 10 days), black circles
represent the rest of the sample. The size of the symbols scales with the planet mass. We also
show the estimated stellar mass radii of main-sequence stars (Siess et al. 2000) and the stellar
radii of the host stars. A clear lack of hot Jupiters is seen for M∗ > 1.5 M.
dispersal around high-mass stars: the disk lifetime could be more than two times
shorter for massive stars, reducing significantly the migration period available for
Jovian planets and, as a result, a smaller number of hot Jupiters would be present
around these stars.
Following Kennedy & Kenyon (2009), point 2 can be linked with the known population
of exoplanets. Figure 3.6 shows the orbital semi-major axis distribution as a function
of the mass of the host star for the known exoplanets1 (planets around pulsars are not
plotted since they represent a completely different type of object). Considering as hot
Jupiters the planets with masses above 1 MJ and periods < 10 days, a clear lack of
these objects around massive stars (> 1.5 M) is easily identified. This paucity of close
Jovian planets around massive stars is still a matter of intense debate. Tidal interaction
between massive planets and their host stars could lead to planet engulfment (Villaver
& Livio 2009; Villaver et al. 2014). Some authors report a real dependence on stellar
mass (e.g. Johnson et al. 2011), and have even shown hints of it not being the result
of planet engulfing caused by the post-main-sequence evolution of the star (Johnson
et al. 2007). On the other hand, other authors suggested that such claims were made on
incorrectly assigned stellar masses (Lloyd 2011), and that tidal destruction is responsible
for the observed trend (Schlaufman & Winn 2013). By also plotting the radii of the
1as in the www.exoplanets.eu database, August 6th 2014
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planet host stars in Fig. 3.6, it becomes clear that most low-mass stars (< 1.5− 2M)
have radii matching those predicted from main-sequence models (Siess et al. 2000). For
more massive stars, the stellar radii increase owing to the post-main-sequence phase,
overlapping with the loci of the hot Jupiters semi-major axes. It is not possible to tell if
the massive stars in Fig. 3.6 have engulfed any close gas giants, but it becomes clear that
the post-main-sequence phase of these stars could account for a fraction of the observed
paucity of hot Jupiters around them. Assessing the origin of this lack of close gas giants
is beyond the scope of this study, but the faster disk dissipation around high-mass stars
could contribute to it as well.
This discussion may also apply to some brown dwarfs. Although it is thought that most
of these objects form via different mechanisms (Chabrier et al. 2014), the existence of
binary systems including a brown dwarf companion suggests that some of them may
form in a circumstellar disk around more massive stars. If this is the case, they are
very likely formed in similar ways to giant planets, and the same conclusions could be
applied to this particular subgroup of brown dwarfs.
Finally, the implications of the faster disk dispersal around high-mass stars for terrestrial
planets are harder to determine. As previously mentioned, their formation follows the
initial stage of the CA model, accreting planetesimals to form a planetary embryo and
eventually a rocky planet, which will not become a gas giant if the planet cannot accrete
enough gas for any reason. However, this process is faster than gas giant formation: earth-
mass planets can be formed in 1 Myr (Raymond et al. 2014), and so the disk dissipation
dependence with stellar mass may not be as relevant as for giant planet formation.
Moreover, terrestrial planets do not undergo Type-II migration, and therefore their
orbits are less dependent on the disk properties. However, their orbits can be strongly
affected by the migration of giant planets in the same system. If the migration history
of gas giants has a dependence with stellar mass, it could indirectly produce different
orbits for terrestrial planets too. The identification of any possible trend of this effect
requires further modeling and study of the known planetary population.
3.6 Conclusions
We have studied the disk lifetime dependence on stellar mass using the sample of YSOs
compiled by Ribas et al. (2014). After updating their results, we have divided the sample
into low- or high-mass stars (boundary set to 2 M) and young or old regions (boundary
set to 3 Myr). We then study the fraction of protoplanetary and evolved disks as a
function of age and mass. The large number of sources in the sample allows us to
confirm the existence of a dependence of disk lifetime on the stellar mass: high-mass
stars disperse their disks up to two times faster and/or earlier than low-mass ones. We
also find that the fraction of evolved disks (including transitional, circumbinary, and hot
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debris disks) remains roughly constant (5-30 %) during the first 10 Myr of the stellar
life. The faster dispersal of protoplanetary disks around high-mass stars could have
important implications for giant planet formation and migration, and may contribute
to the apparent lack of hot Jupiters around these stars.
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Figure 3.7: Upper left panel: comparison of the disk fractions obtained in this study (circles)
with those from (Herna´ndez et al. 2007b, 2008) (squares) for regions in common. Upper right
and lower panels: disk fractions for all regions in the short, intermediate and long wavelength
ranges. The best-fit exponential law is over-plotted (red line).
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Figure 3.8: Fraction of primordial (red circles) and evolved (blue squares) disks as a function
of age. The best-fit exponential law for the primordial disk percentages is also shown (red dashed
line).
Table 3.4: Fraction of sources with excess for each region in the three wavelength regimes
(update of Table 4 in R14)
Name Fraction IRAC(%) Fraction short(%) Fraction intermediate(%) Fraction long(%)
25 Orionis 12 ± 7 [26] 8 ± 5 [26] 12 ± 7 [25] . . . [0]
Cha I 51 ± 4 [117] 36 ± 5 [109] 52 ± 5 [106] 71 ± 6 [52]
Cha II 75 ± 8 [28] 50 ± 9 [28] 85 ± 9 [20] 82 ± 7 [28]
CrA 40 ± 10 [19] 11 ± 8 [19] 50 ± 10 [16] . . . [6]
IC 348 38 ± 3 [253] 17 ± 2 [262] 41 ± 3 [223] 81 ± 8 [27]
λ-Orionis 23 ± 7 [43] 10 ± 4 [51] 23 ± 6 [43] . . . [0]
Lupus 53 ± 5 [85] 27 ± 5 [86] 53 ± 5 [85] 57 ± 6 [58]
NGC 1333 64 ± 5 [73] 38 ± 6 [73] 67 ± 6 [70] 88 ± 8 [17]
Ophiuchus 23 ± 3 [248] 13 ± 2 [253] 23 ± 3 [238] 42 ± 5 [113]
σ-Orionis 34 ± 6 [71] 14 ± 4 [74] 34 ± 6 [71] . . . [0]
Serpens 57 ± 4 [129] 35 ± 4 [131] 58 ± 5 [128] 57 ± 7 [56]
Taurus 61 ± 4 [202] 39 ± 3 [214] 62 ± 3 [197] 76 ± 6 [49]
Upper Sco 9 ± 2 [250] 4 ± 1 [250] 10 ± 2 [232] 14 ± 3 [186]
AB Dor 4 ± 2 [77] 4 ± 2 [77] 1 ± 2 [77] 0 ± 1 [50]
Argus 0 ± 2 [45] 0 ± 1 [44] 0 ± 2 [44] . . . [3]
β Pic 8 ± 4 [50] 4 ± 3 [50] 6 ± 3 [49] 14 ± 5 [43]
Carina 4 ± 3 [28] 0 ± 1 [27] 4 ± 3 [28] . . . [6]
Columba 2 ± 2 [57] 0.0 ± 0.9 [57] 2 ± 2 [57] 10 ± 8 [20]
 Cha 21 ± 8 [24] 17 ± 7 [24] 17 ± 8 [24] 20 ± 10 [13]
Octantis 0 ± 3 [17] 0 ± 2 [17] 0 ± 3 [17] . . . [1]
Tuc-Hor 6 ± 3 [48] 6 ± 3 [48] 0 ± 1 [48] 2 ± 3 [41]
TW Hya 20 ± 9 [20] 0 ± 3 [20] 20 ± 9 [20] 20 ± 10 [14]
The number of sources used is indicated within brackets. Sub-indexes reference
fractions at different wavelength ranges, as defined in R14
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Table 3.5: Values and errors obtained from fitting and exponential decay to disk fractions
with time.
Wavelength range A τ C
(%/Myr) (Myr) (%)
Short 60 ± 10 2.7 ± 0.7 1.1 ± 0.9
Intermediate 90 ± 10 3.3 ± 0.6 1 ± 1
Long (primordial) 84 ± 6 4.4 ± 0.5 -0.1 ± 0.4
Long 95 ± 8 5.3 ± 0.9 0 ± 1
The long (primordial) case corresponds to red circles in Fig. 3.8.
Part II
Transitional disks in the
Chamaeleon complex with
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81
4
Transitional disks in
Chamaeleon with Herschel
Herschel has provided a large amount of FIR data of YSOs, probing the emission from
cold dust in disks with unrivaled sensitivity and resolution up to date. Additionally,
transitional disks have gained substantial attention during the last decades, given the
plausible on-going planet formation in them. In this chapter, we study the population
of known transitional disks in the Chamaeleon I and II star-forming regions as seen by
Herschel. We analyze the FIR fluxes of the detected sources, and compare them with
Class II disks in these regions.
This work was published as Ribas et al. 2013, A&A, 552, A115.
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Abstract
Context: Transitional disks are circumstellar disks with inner holes that in some cases
are produced by planets and/or substellar companions in these systems. For this reason,
these disks are extremely important for the study of planetary system formation.
Aims: The Herschel Space Observatory provides an unique opportunity for studying
the outer regions of protoplanetary disks. In this work we update previous knowledge on
the transitional disks in the Chamaeleon I and II regions with data from the Herschel
Gould Belt Survey.
Methods: We propose a new method for transitional disk classification based on the
WISE 12µm − PACS 70µm color, together with inspection of the Herschel images. We
applied this method to the population of Class II sources in the Chamaeleon region
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and studied the spectral energy distributions of the transitional disks in the sample. We
also built the median spectral energy distribution of Class II objects in these regions
for comparison with transitional disks.
Results: The proposed method allows a clear separation of the known transitional disks
from the Class II sources. We find six transitional disks, all previously known, and
identify five objects previously thought to be transitional as possibly non-transitional.
We find higher fluxes at the PACS wavelengths in the sample of transitional disks than
those of Class II objects.
Conclusions: We show the Herschel 70µm band to be a robust and efficient tool for
transitional disk identification. The sensitivity and spatial resolution of Herschel reveals
a significant contamination level among the previously identified transitional disk can-
didates for the two regions, which calls for a revision of previous samples of transitional
disks in other regions. The systematic excess found at the PACS bands could be either
a result of the mechanism that produces the transitional phase, or an indication of
different evolutionary paths for transitional disks and Class II sources.
Key words: stars: formation – stars: pre-main sequence – (stars:) planetary systems:
protoplanetary disks – (stars:) planetary systems: formation
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4.1 Introduction
Protoplanetary disks surrounding young stars are known to evolve over timescales of a
few million years from a more massive and optically thick phase (Class II objects) to
optically thin debris disk systems (Class III sources; see Williams & Cieza 2011, for a
recent review on the evolution of protoplanetary disks). There are several indications
of this evolution with time. Infrared (IR) observations of star-forming regions show a
systematic decrease of the IR flux with stellar age (Haisch et al. 2001b; Gutermuth et al.
2004; Sicilia-Aguilar et al. 2006; Currie & Kenyon 2009). In the optical and ultraviolet,
observations show that the disk mass accretion rate decreases with time as predicted by
disk evolutionary models (Hartmann et al. 1998; Calvet et al. 2005; Fedele et al. 2010;
Sicilia-Aguilar et al. 2010; Spezzi et al. 2012). Another important evidence is found in
deep MIR spectroscopic observations of young stars with disks that show dust grain
growth, crystallization, and settling to the disk mid-plane. These phenomena are found
to be correlated with the evolution of the disk structure across two orders of magnitude
in stellar mass (Meeus et al. 2001; van Boekel et al. 2005; Kessler-Silacci et al. 2005;
Apai et al. 2005; Olofsson et al. 2009).
Most of the evolution of protoplanetary disks is driven by gravitational interaction
and viscosity effects in the disk (Pringle 1981). However, some circumstellar disks
show evidence of a different evolutionary phase: they are known as transitional disks.
Compared to Class II disks, they display a clear dip in their spectral energy distribution
(SED) at NIR/MIR (typically around 8-12 µm) and a rising SED with flux excesses
similar to that of Class II sources at longer wavelengths (Strom et al. 1989; Calvet et al.
2002; Espaillat et al. 2007a; Andrews et al. 2011). The dips in the SEDs are usually
explained in terms of dust-depleted regions and/or cavities in the disks, of typical sizes
of some tens of AU (see Mer´ın et al. 2010; Andrews et al. 2011, and references therein).
Several processes have been proposed to explain these gaps and holes: gravitational inter-
action with a low-mass companion (Bryden et al. 1999; Rice et al. 2003; Papaloizou et al.
2007), photo-evaporation (Clarke et al. 2001; Alexander et al. 2006a,b), or grain growth
(Dullemond & Dominik 2005; Tanaka et al. 2005; Birnstiel et al. 2012). Observational
evidence of stellar or substellar companions has been obtained in some cases (i.e., CoKu
Tau4 or T Cha, see Ireland & Kraus 2008; Hue´lamo et al. 2011, respectively). If we were
able to distinguish between these different explanations would better understand the
mechanisms that produce the gaps in transitional disks, and the planetary formation
scenario. For this reason, any hint on which process governs the transition phase is
relevant.
In this paper, we investigate the contribution of the FIR data from the Herschel Space
Observatory (Pilbratt et al. 2010) to our understanding of transitional disks. We present
a new method for transitional disk identification and apply it to the sample of Class
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II objects in the Chamaeleon (Cha) I and II regions. Section 4.2 describes the data
reduction process, the sample selection, and the photometry extraction. Section 4.3
explains the proposed method used in the paper to identify and reclassify transitional
disks. A more detailed discussion of the sample of transitional disks is given in Sect. 4.4.
Section 4.5 summarizes our results.
4.2 Observations and sample
4.2.1 Observations
The Cha I and II regions were observed by the Herschel Space Observatory in the
context of the Gould Belt Survey (Andre´ et al. 2010). These regions are part of the
Chamaeleon molecular cloud complex that also includes the Cha III cloud. The complex
is located at 150-180 pc (Whittet et al. 1997) and is one of the most often studied
low-mass star-forming regions because of its proximity. Cha I has an estimated age of
∼2 Myr and a population of ∼200 young stellar objects (Luhman et al. 2008a; Winston
et al. 2012). Cha II harbors a smaller population (∼ 60) of young sources (Young et al.
2005; Spezzi et al. 2008). Because of their age and location, these regions are perfect
scenarios for transitional disk search and study.
Two sets of observations were used for each region: a first set taken in parallel mode,
using the PACS (70 and 160,µm Poglitsch et al. 2010) and SPIRE (250 350, and
500µm, Griffin et al. 2010) instruments at a speed of 60′′/s, and the 100µm PACS
band at 20′′/s from a second set in scan mode. The observing strategy is described
in more detail in Andre´ et al. (2010). The total observing time in parallel mode for
Cha I was ∼ 8 hours and 6 hours for Cha II, covering a total area of ∼ 9 deg2 (∼ 5.5
and 3.5 deg2). The PACS 100µm images covered 2.6 deg2 in Cha I and 2 deg2 in Cha
II, and add up to a total time of 8 hours and 6 hours, respectively (see Winston et al.
2012; Spezzi et al. 2013, for a detailed description of the datasets). Obsids for Cha I
are 1342213178, 1342213179 (parallel mode) and 1342224782,1342224783 (scan mode),
and obsids 1342213180,1342213181 (parallel mode), and 1342212708, 1342212709 (scan
mode) for Cha II.
The data were pre-processed using the Herschel interactive processing environment
(HIPE, Ott 2010) version 9. The final maps were created using Scanamorphos (Roussel
2012) for PACS, and the destriper algorithm included in HIPE for SPIRE. These two
algorithms are optimized for regions such as Chamaeleon, which have bright extended
emission. Figure 4.1 shows a three-color composite image of Cha I (blue: 70µm, green:
160µm, and red: 250µm).
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4.2.2 Sample selection
Luhman et al. (2008a) and Luhman & Muench (2008) presented the largest census
of young stellar objects (YSOs) members of Cha I including Spitzer photometry, and
Alcala´ et al. (2008) and Spezzi et al. (2008) did the same for Cha II. We selected from
these studies the sources classified as Class II with known extinction values. Since we
aim to classify transitional disks, we also included T25, flagged as Class III in Luhman
et al. (2008a) but later found to be a transitional source in Kim et al. (2009). We
rejected objects with signal-to-noise ratio (S/N) < 5 in any of the 2MASS bands to
ensure a good photometry estimation and coordinates measurement. The final sample
of Class II objects is comprised of 119 sources.
To our knowledge, 12 sources in the sample are classified as transitional disk candidates
in the literature: SZ Cha, CS Cha, T25, T35, T54, T56, and CHXR 22E from Kim et al.
(2009), C7-1 from Damjanov et al. (2007), CR Cha, WW Cha, and ISO-ChaI 52 from
Espaillat et al. (2011), and ISO-ChaII 29 from Alcala´ et al. (2008).
4.2.3 Photometry
We extracted Herschel photometry of the Class II sample following these steps:
1. We used the Sussextractor algorithm (Savage & Oliver 2007) in HIPE to detect
sources with an S/N > 5 in the PACS images. We then visually checked that no
obvious source was missing.
2. We cross-matched the initial sample with the detections in the PACS images,
using a search radius of 5′′. This radius was chosen based on the size of the point
spread functions (PSFs) at these wavelengths (∼5.8′′× 12.1′′, 6.7′′× 7.3′′, and
11.4′′× 13.4′′, for the 70, 100, and 160µm bands at the corresponding observing
speeds). We note that the background emission becomes more significant for longer
wavelengths, producing false detections because of bright filaments and ridges. To
avoid possible mismatches, we considered as Herschel -detected sources only those
with counterparts at any PACS band. For SPIRE, we found the Sussextractor
output to be highly contaminated with false detections. Therefore, we visually
inspected the positions of the detected sources individually for these bands.
3. We performed aperture photometry centered on the 2MASS coordinates of each
detection. We used the recommended aperture radii and background estimation
annulus for each band (see the PACS point-source flux calibration technical note
from April 2011, and Sect. 5.7.1.2 of the SPIRE data reduction guide). The values
for the apertures, inner and outer annulus radii (in this order) are 12′′, 20′′, 30′′for
70 and 100µm, 22′′, 30′′, 40′′for 160µm, 22′′, 60′′, 90′′for 250µm, 30′′, 60′′, 90′′for
350µm, and 42′′, 60′′, 90′′for 500µm.
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Figure 4.1: Left: Three-color composite image of the Cha I region (blue: PACS 70µm, green:
PACS 160µm, red: SPIRE 250µm). Circles mark the position of transitional disks detected in
the Herschel images and classified with the proposed method (see Sect.4.3.3). Triangles show
sources not fulfilling our selection criteria, and squares represent non-detected sources. Right:
thumbnails of the 70µm Herschel maps (50 ′′× 50 ′′). The color scale ranges from the median
value (background level) to 5σ over this value (black). In both figures, north is up, and east is
left. Note that WW Cha is located on a bright core.
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4. Since aperture photometry was used, objects close to bright filaments or cores
are likely to suffer from contamination. Also, given the size of the PSF, no pho-
tometric measurements can be performed for close objects (separation less than
∼ 10′′). Therefore we rejected ten detections that showed obvious problems in
their photometry or enclosed more than one object.
After excluding the transitional disks, the final result of this process is 41 Class II sources
detected at any PACS band (26 and 15 in Cha I and Cha II, respectively), nine of them
detected also with SPIRE.
We checked that the obtained photometry was consistent with that from other map-
making algorithms (such as photProject for PACS), and found no significant deviation.
We visually inspected the position of non-detected transitional disks in the original
sample and found that C7-1, CHXR 22E, and ISO-ChaII 29 are not detected at any
of the Herschel bands. Additionally, ISO-ChaI 52 is not detected by Sussextractor at
70µm, but it is at 100µm. The object is visually found in the 70µm image with a
flux of 150 mJy over a background root mean square (RMS) of 40 mJy. We therefore
included the 70µm flux in our analysis. Source T25 is not in the field of view of the
100µm map, which is smaller than the parallel mode observations. Coordinates and
stellar parameters for the transitional disks in this study can be found in Table 4.1.
4.2.4 Photometric uncertainties and upper limits
The absolute calibration errors for PACS and SPIRE are 5 % and 7 % , respectively
(see PACS and SPIRE observer manuals). To ensure a conservative error estimation,
we used a 15 % error value for PACS and 20 % for SPIRE, taking into account that the
background emission becomes increasingly stronger at longer wavelengths.
When no source was detected, we computed an upper limit calculating the RMS of 100
apertures taken around the source, using the same aperture radii and correction factors
as for the detections. The extracted PACS and SPIRE fluxes for the 12 transitional
candidates in the considered sample are reported in Table 4.2.
4.3 Identification of transitional disks
4.3.1 Photometric selection
Several selection criteria have been used in the past to separate transitional disks from
Class II sources. Fang et al. (2009) used a color-color diagram based on the Ks band and
on the [5.8], [8.0] and [24] Spitzer bands. Muzerolle et al. (2010) proposed a classification
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Table 4.1: Coordinates and stellar parameters of the 12 transitional disk candidates analyzed in this work.
Name R.A.J2000 Dec.J2000 AV SpT T∗ L∗ M∗ R∗ Refs.
(mag) Type (K) (L) (M) (R)
CR Cha 10:59:06.97 -77:01:40.3 1.5 K2 4900 3.5 1.9 2.6 1,2,3,4,5,6
CS Cha 11:02:24.91 -77:33:35.7 0.25 K6 4205 1.5 0.9 2.3 1,2,3,5,6,7,8,9
SZ Cha 10:58:16.77 -77:17:17.1 1.90 K0 5250 1.9 1.4 1.7 1,2,3,4,5,6,7,8,9
WW Cha 11:10:00.11 -76:34:57.9 4.8 K5 4350 6.5 1.2 4.5 1,2,3,4,5,6,7,8
T25 11:07:19.15 -76:03:04.9 0.78 M3 3470 0.3 0.3 1.5 1,2,3,4,5,6,7,9
T35 11:08:39.05 -77:16:04.2 3.5 M0 3850 0.4 0.6 0.5 1,2,3,4,5,6,7,9
T54 11:12:42.69 -77:22:23.1 1.78 G8 5520 4.1 2.4 1.5 1,2,3,4,5,6,7,9,10,11
T56 11:17:37.01 -77:04:38.1 0.23 M0.5 3720 0.4 0.5 1.6 1,2,3,4,5,6,7,9
ISO-ChaI 52 11:04:42.58 -77:41:57.1 1.3 M4 3370 0.1 0.3 1.0 2,3,4,5,7
C7-1 11:09:42.60 -77:25:57.9 5.0 M5 3125 . . . . . . . . . 3,4,5,7,12
CHXR 22E 11:07:13.30 -77:43:49.9 4.79 M3.5 3400 0.2 . . . . . . 3,5,7,9
ISO-ChaII 29 12:59:10.14 -77:12:13.9 5.57 M0 3850 0.65 . . . 1.85 13,14
(1) Gauvin & Strom (1992); (2) Espaillat et al. (2011); (3) Luhman (2007); (4) Luhman & Muench (2008); (5) Manoj et al. (2011); (6) Henning
et al. (1993); (7) Luhman et al. (2008a); (8) Belloche et al. (2011); (9) Kim et al. (2009); (10) Lafrenie`re et al. (2008); (11) Preibisch (1997);
(12) Damjanov et al. (2007); (13) Spezzi et al. (2008); (14) Alcala´ et al. (2008)
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Table 4.2: Herschel photometry of the 12 transitional disks in the sample.
Name F70µm F100µm F160µm F250µm F350µm F500µm
(Jy) (Jy) (Jy) (Jy) (Jy) (Jy)
Detected sources
CR Cha 1.61± 0.24 2.19± 0.33 2.74± 0.41 2.37± 0.47 1.69± 0.34 1.09± 0.22
CS Cha* 3.08± 0.46 2.82± 0.42 2.32± 0.35 0.88± 0.18 0.38± 0.08 0.13± 0.03
SZ Cha 3.88± 0.58 3.63± 0.54 3.86± 0.58 2.85± 0.57 1.94± 0.39 1.14± 0.23
WW Cha 25.91± 3.88 32.32± 4.85 27.3± 4.10 24.92± 4.99 12.44± 2.49 6.79± 1.36
T25 0.52± 0.08 . . . 0.50± 0.08 0.20± 0.04 0.11± 0.02 < 0.10
T35 0.38± 0.06 0.36± 0.06 0.200± 0.03 < 1.69 < 2.10 < 2.06
T54 0.60± 0.09 0.77± 0.12 0.98± 0.15 0.46± 0.09 < 1.04 < 1.18
T56 0.68± 0.10 0.57± 0.09 0.30± 0.05 0.30± 0.05 0.30± 0.06 0.11± 0.02
ISO-ChaI 52 0.15± 0.02 0.15± 0.02 < 1.07 < 1.42 < 2.06 < 2.04
Undetected sources
C7-1 < 0.04 < 0.08 < 0.94 < 1.24 < 1.69 < 2.10
CHXR 22E < 0.08 < 0.14 < 1.10 < 1.19 < 1.18 < 0.96
ISO-ChaII 29 < 0.04 < 0.07 < 0.85 < 1.41 < 2.65 < 3.00
* SPIRE photometry is very likely contaminated for this source (see Appendix 4.6).
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criterion based on the slope of the SED between 3.6 and 4.8µm and between 8 to 24µm.
Cieza et al. (2010) also used a color-color diagram, based on the Spitzer photometry
at 3.6, 4.5 and 24 µm. However, all these methods were found to suffer from different
contamination levels, as explained in Mer´ın et al. (2010).
There is a high diversity in the morphology of transitional disks, hence there are various
definitions. However, most of them share two common characteristics: (1) they have low
or no excess with respect to the photosphere up to the λturn−off or the pivot point, usually
found around ∼ 8-10µm, and (2) they have strong excesses for longer wavelengths (see
section 7.1 in Williams & Cieza 2011, and references therein). This is translated into a
decreasing slope of the SED up to λturn−off , and an increasing one for longer wavelengths.
To identify transitional disks using Herschel photometry, we computed two spectral
indexes (α): one between the Ks band and 12µm (αKs−12), and the other between 12µm
and 70µm (α12−70). The spectral index is defined as αλ1−λ2 =
log(λ1Fλ1 )−log(λ2Fλ2 )
log(λ1)−log(λ2) , where
λ is measured in µm and Fλ in erg s
−1 cm−2 s−1. Therefore, α traces the slope of the
SED in the considered range (α > 0 → rising SED, α < 0 → decreasing SED). This
spectral index has been intensively used since its introduction by Lada & Wilking (1984)
to classify protostars and young objects.
Figure 4.2 demonstrates that these two slopes together efficiently separate the two pop-
ulations. The separation is clearer in the 12-70µm axis, where α12−70 < 0 corresponds
to typical Class II sources, and α12−70 > 0 is indicative of the transitional nature of
the objects. This separation in the slope between 12µm and 70 µm is an expected
feature: for NIR/MIR wavelengths, the slope depends strongly on the presence of weak
excess, or on the spectral type of the star if there is no excess. On the other hand, the
definition of transitional disks itself guarantees a positive slope for longer wavelengths.
This separation also reveals the usefulness of the Herschel data for this classification.
As a result of the selection method, two disks reported in Espaillat et al. (2011), WW
Cha and CR Cha, are not separated from Class II objects and we confirm that they
do not deviate significantly from the median SED of the Class II sources in Cha I and
II (Fig. 4.5). Based on this evidence, we consider them as non-transitional. The rest
of the transitional disks are properly separated from Class II sources. The computed
upper limits also allow us to classify C7-1 and ISO-ChaII 29 as non-transitional using
this method.
Interestingly, one Class II source shows α12−70 > 0 in the former diagram. The object,
called ESO-Hα 559, has been recently identified as a probable edge-on disk in Robberto
et al. (2012) by modeling its SED. Its underluminosity with respect to its spectral type
also supports this scenario. We find this type of object to be a source of contamination for
this method: edge-on disks can mimic the SED of transitional sources. Their geometry
will cause a high circumstellar extinction level, blocking the light from the central star
at short wavelengths (Stapelfeldt & Moneti 1999; Wood et al. 2002; Ducheˆne et al.
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Figure 4.2: SED slope between the 12 and 70µm (α12−70) as a function of the SED slope
between the Ks-band and 12µm (αKs−12). Transitional disks from the literature meeting the
selection criterion are marked as red dots, green downward arrows are those for which only upper
limits could be estimated. Class II objects are black dots. Blue squares are pre-transitional
disks from Espaillat et al. (2011). There is a clear separation between Class II and transitional
disks due to the different shape of their SED. The single black dot with α > 0 is ESO-Hα 559,
an edge-on disk. This diagram shows the potential for transitional disk classification using the
70µm band.
2010; Hue´lamo et al. 2010). The disk becomes optically thin for longer wavelengths
(> 24µm) and the emission from the star can pass through the disk, resulting in an
increase of the flux and hence a positive slope of the SED. When their spectral type
is known, edge-on disks can be identified in Hertzsprung–Russell diagrams, as they are
often underluminous.
We also note that this method is not suitable for detecting a small subsample of transi-
tional disks called anemic (Lada et al. 2006), homologously depleted (Currie & Kenyon
2009), or weak excess disks (Muzerolle et al. 2010). They are defined as objects with
low excess at all infrared wavelengths and show αexcess < 0. For this reason, they can-
not be found with the criterion proposed in this work. On the other hand, the rest of
transitional disks should display α12−70 > 0 and hence can be properly separated.
4.3.2 Morphological classification
We checked whether any of the remaining seven transitional disks were spatially resolved
in the Herschel images. Extended emission could indeed indicate contamination by a
coincident background source, a close by object, or the extended background emission,
as shown in Matra` et al. (2012).
96 4.3. Identification of transitional disks
Given the estimated distance of 160 pc to the Cha I molecular cloud (Whittet et al.
1997; Luhman & Muench 2008), the full-width at half-maximum of the PSFs for the
three PACS bands (∼ 6′′, 7′′and 12 ′′, see the official PACS PSF document1) would allow
us to resolve structures of ∼ 900-2000 AU. It is difficult to define an outer radius for
protoplanetary/transitional disks, but typical values range from some tens to ∼ 1000 AU
in the most extreme cases (Williams & Cieza 2011). Direct imaging of proplyds and
disks in the Trapezium cluster by Vicente & Alves (2005) showed the size distribution
to be contained within 50 and 100 AU. On the other hand, the Rc parameter (defined
as the radius where the surface density deviates significantly from a power law and the
disk density declines rapidly, see Williams & Cieza 2011) has typical values between
15-230 AU (Hughes et al. 2008; Andrews et al. 2009, 2010).
This suggests that none of these sources should be resolved in the Herschel images. In
each of the PACS band, we compared the radial profile of the transitional disks with
an empirical PSF constructed using clean isolated point sources. Of the nine detected
sources, only T54 was found to be extended, as shown in Fig. 4.3. Matra` et al. (2012)
showed that the excess beyond 100µm is likely not related to the source, and therefore
not originating from a circumstellar disk. This interpretation results in a substantial
decrease in the IR excess coming from T54, making its SED not representative of the
characteristic inner-hole geometry around transitional disks. The case of T54 shows that
one needs to verify the origin of the IR excess in protoplanetary/transitional disks.
We found no other extended sources in the Herschel images and conclude that all the
detected transitional disks have FIR excesses related to the sources. Therefore all but
one (T54) of the transitional disk candidates in the Cha I and II regions are confirmed
to be point-sources, up to the resolution of the Herschel PACS and SPIRE instruments.
4.3.3 Transitional disk classification
Thanks to the new Herschel photometric data, we are able to reclassify the already
known transitional disks in the Cha I and II regions based on the shape of their SEDs.
CS Cha, SZ Cha, T25, T35, T56, and ISO-ChaI 52 show a typical transitional disk SED.
Two objects from Espaillat et al. (2011) do not fulfill our selection criterion, which is
tuned to identify clear signatures of inner holes. These sources were selected by Espaillat
et al. (2011) based on their silicate feature strengths, and therefore the different results
obtained in this study are not surprising. CR Cha shows weak excess up to 2µm and a
typical Class II SED for longer wavelengths. The SED of WW Cha does not display any
decrease in its IR emission, typical for transitional disks. Indeed, the Herschel images
support one of the scenarios proposed by Espaillat et al. (2011): WW Cha is located on
one of the cores in Cha I and presumably accretes at a high rate. Furthermore, it shows
1http://herschel.esac.esa.int/twiki/pub/Public/PacsCalibrationWeb/ bolopsf 20.pdf
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Figure 4.3: Average brightness radial profile (black line) for a point source (SZ Cha, left)
and an extended source (T54, right) compared to the observational PSF radial profile (red line).
The error bars are the RMS of the values. All considered sources present the same behavior as
SZ Cha except for T54, whose observed radial profile is clearly above the PSF profile, indicating
that this source is extended and all others are point-like in Herschel images.
a strong excess along the whole wavelength range and therefore cannot be considered
as a transitional disk, but is more likely a Class II source. The dust-rich environment
around WW Cha might also contaminate the Herschel photometry and account for part
of the observed IR excess emission. These sources are then probably non-transitional.
Moreover, the morphological analysis of the candidates shows that T54 is extended
(Fig. 4.3) and hence a misclassified object.
Conclusions for the non-detected sources are more complicated to draw, and they should
be treated with caution, since a non-detection does not directly reject a candidate, but
could simply be due to a sensitivity bias. The computed upper limits for C7-1 and ISO-
ChaII 29 exclude them as transitional disks according our selection criterion. ISO-ChaII
29 is a special case: the upper limit of 35 mJy in PACS 70µm is lower than the detection
of 56.90±8.63 mJy in the MIPS 70µm band indicated in Alcala´ et al. (2008), and these
two measurements are inconsistent. ISO-ChaII 29 shows both strong Li absorption and
Hα emission, which confirms it as a YSO (Spezzi et al. 2008). However, it is the only
transitional disk in the sample with photospheric fluxes up to 24µm in our and the
Alcala´ et al. (2008) sample. These authors also found it to have the steepest αexcess. This
object is therefore probably misclassified in the Spitzer images, as strongly suggested by
the non-detection in any of the Herschel bands and by the outlier nature of the object if
the MIPS detection is considered. We therefore reclassify it as a non-transitional source.
We stress that our method is unable to detect transitional disks with weak excesses, and
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deeper observations should be made to confirm or reject the presence of disks and holes
in these systems. In the case of CHXR 22E it is not possible to extend the analysis
further without making strong assumptions about the disk mass and morphology. For
this reason, we exclude it for the remainder of the study.
As mentioned in Sect. 4.3.1, it is important to note that the proposed criterion will only
select transitional objects with increasing slopes between 12 and 70µm. This feature is
unlikely to be produced by grain growth alone (see Williams & Cieza 2011, for a review
on the topic). As a result, the proposed classification criterion may be biased toward
detecting only transitional disks with large inner holes produced by photoevaporation,
gap opening by unresolved companions, giant planet formation, or a combination of
these scenarios. Physical interpretation of this peculiar SED shapes requires detailed
modeling, and there is no full consensus yet on which physical phenomena can be safely
attributed to each type of SED (see e.g. Birnstiel et al. 2012). A more detailed analysis
of this topic will help to determine the real impact of this selection effect.
From the initial sample of 12 transitional disk candidates in the Cha I and II regions
we confirm six objects to be transitional disks, reject five sources by photometric or
morphological criteria, and leave one object unclassified since it is not detected in the
Herschel images. These numbers imply a significant (∼ 45 %) observed contamination
level in the transitional disk sample considered in this study. Given the small number
statistics, it is premature to extend this result to other samples. However, this result
calls for a revision of the known transitional disks: if applicable to the whole sample,
this contamination level would imply a shorter transitional-phase lifetime and hence
could shed some light on the mechanisms responsible for the evolution of protoplanetary
disks.
4.4 Transitional disks in the sample
We searched for additional photometric values in the literature for each of the transitional
objects in our sample. Gauvin & Strom (1992) reported optical photometry for all sources
in Cha I except for CHXR 22E, ISO-ChaI 52, and C7-1. We have queried the VizieR
catalog service and retrieved additional data for these targets from GALEX (Martin et al.
2005), 2MASS (Skrutskie et al. 2006), DENIS (DENIS Consortium 2005), WISE (Wright
et al. 2010), and AKARI (Murakami et al. 2007). To avoid possible mismatching, we chose
a search radius of 1 ′′around the 2MASS coordinates. We rejected DENIS photometry
for T25, T35, and ISO-ChaI 52, since it clearly disagreed with the rest of photometric
data. (Sub)millimeter data at 870µm and 1.3 mm were also included from Belloche
et al. (2011) and Henning et al. (1993), respectively. Spitzer photometric measurements
were included from Damjanov et al. (2007), Luhman et al. (2008a), Luhman & Muench
(2008), and Alcala´ et al. (2008). We also retrieved the Spitzer IRS spectra from the
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Figure 4.4: SEDs of the detected transitional disk candidates, confirmed by our classification
criterion and updated with the fluxes from Herschel. Black dots are the dereddened observed
values from the literature, downward black arrows are flux upper limits from the literature.
Herschel data are represented in red (squares for detections, downward arrows for upper limits).
Uncertainties are within symbol sizes. The IRS spectra from Manoj et al. (2011) (black solid
lines) and the photospheres (dashed black lines from the NextGen models from Allard et al. 2012)
are also plotted. The median Class II SED (blue solid line) and the first and fourth quartiles
(blue area) are shown (see also Sect. 4.4 and Table 4.3).
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Figure 4.5: SEDs of transitional disk that do not fulfill our classification criteria. CR Cha
and WW Cha display clear Class II SED. T54 appears extended in the Herschel images. Symbols
are as in Fig. 4.4.
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Figure 4.6: SED of the transitional disk candidates not detected by Herschel for which only
flux upper limits could be estimated. Symbols are the same as in Fig. 4.4. The upper limits at
70µm for C7-1 and ISO-ChaII 29 allow us to classify them as non-transitional with our selection
criteria.
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Table 4.3: Normalized flux densities of the median SED, upper SED (fourth quartile) and
lower SED (first quartile) of the Class II objects in Cha I and Cha II, after extinction correction.
Transitional disks are not included. The number of stars detected in each band is also indicated.
For comparison, we also include the median value for the six transitional disks detected in this
study, although we stress its very low number statistics.
λ (µm) Median transitional Median Upper Lower Detections
(Fλ arbitrary units)
R 1.01 0.79 1.00 0.38 32
I 1.22 1.02 1.34 0.74 32
J 1.00 1.00 1.00 1.00 107
H 0.67 0.67 0.72 0.61 107
Ks 0.35 0.38 0.45 0.32 107
IRAC 3.6 7.1e-2 0.10 0.15 7.5e-2 78
IRAC 4.5 3.2e-2 5.5e-2 8.5e-2 4.0e-2 70
IRAC 5.8 2.0e-2 3.0e-2 4.5e-2 2.2e-2 86
IRAC 8.0 4.7e-3 1.5e-2 2.7e-2 1.1e-2 78
MIPS 24 3.5e-3 2.5e-3 4.4e-3 1.6e-3 95
PACS 70 1.8e-3 4.2e-4 7.0e-4 3.0e-4 23
PACS 100 6.8e-4 2.5e-4 3.5e-4 1.2e-4 41
PACS 160 3.5e-4 7.7e-5 1.5e-4 5.5e-5 19
SPIRE 250 5.7e-5 5.1e-5 1.2e-4 1.3e-5 9
SPIRE 350 1.9e-5 2.9e-5 7.5e-5 2.8e-6 9
SPIRE 500 5.2e-6 9.1e-6 2.3e-5 6.3e-7 7
CASSIS database (Lebouteiller et al. 2011). The resulting SEDs for all sources are
shown in Figs. 4.4, 4.5, and 4.6. Thumbnails of the transitional disks as seen in the
Herschel 70µm images can be found in Fig. 4.1. We note here that the cross-shaped
PSF at 70µm is produced by the parallel mode observations, and does not represent
resolved objects.
We compared the Herschel fluxes of the sample of transitional disks with the Class II
sources in the same region. For this purpose, we first inspected the SEDs of all Class II
sources (after removing the transitional disks sample). We identified and removed one
object (J11111083-7641574) previously classified as an edge-on disk (Luhman & Muench
2008; Robberto et al. 2012). It could not be identified in the slope-slope diagram since
it is only detected at 100µm. The object is present in the Herschel images at 70µm,
but was not detected by Sussextractor with the selected threshold. We built the median
SED of all Class II objects, extinction corrected and normalized to the J -band. We
also computed SED of the first (< 25 %) and fourth (> 75 %) quartiles. Given the low
detection numbers for the SPIRE bands, we used the lowest and highest values instead
of the quartiles at those wavelengths. We included photometry from the R, I, 2MASS,
Spitzer, and Herschel bands. We considered all objects detected in each band (regardless
of whether they were undetected in the other bands). The obtained values are given in
Table 4.3. We also found the median SED not to vary significantly when only K or M
type stars were considered.
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The comparison between the SEDs of transitional disks and the median SED of Class
II objects in Cha I and II shows a systematic difference in the 70-160µm range. The
six transitional disks found with the selection criterion used in this study display a
clear excess over the obtained Class II median SED, and all of them are over the fourth
quartile level (uncertainties for T35 are consistent with a flux value below this level).
Even though this median SED was built with a relatively small statistical sample, this
result clearly shows that transitional disks are brighter at 70-160µm than typical Class
II sources in these regions.
Similar phenomena were already tentatively described by Winston et al. (2012) in a
preliminary study of the YSO population of Cha I and by Cieza et al. (2011) for T Cha,
but here we provide consistent results derived from a much larger sample of transitional
disks. This excess was not previously found by large programs using the Spitzer Space
Telescope, such as cores 2 disks (Evans et al. 2003, 2009). This can probably be explained
by the lower sensitivity of Spitzer at 70µm.
A bias toward the brightest objects could affect these results in two different ways: we
might miss the faintest transitional disks and the faintest Class II sources. In the first
case, the Herschel data are enough to classify eleven out of the twelve previously known
transitional objects in the sample (less than 10 % objects missed). This suggests that
the proposed method does not suffer from a strong bias effect. The existence of an
unknown population of transitional disks not identified with Spitzer cannot be ruled
out (although this possibility is unlikely, see Mer´ın et al. 2010). However, this would
not alter the systematic difference found at the 70-160µm range between the detected
previously known transitional disks and Class II objects in these regions. On the other
hand, the second scenario (e.g. missing faint Class II sources) would imply lower values
for the Class II median SED in the Herschel range, producing an even stronger difference
between transitional and Class II disks. As a result, the Class II median SED computed
here should be considered as an upper limit.
If the excess at PACS bands is a common feature of transitional objects, two explanations
can be proposed to explain it: (1) transitional disks are not the result of the evolution
of Class II sources, but a parallel evolutionary path, or (2) the discrepancy between
transitional disks and Class II objects is produced during the transitional phase (maybe
even by the same mechanism that causes the transitional disk evolution). In this case,
the piling-up of mass at some point of the outer disk could produce the steep slope and
the excess found at 70µm (Williams & Cieza 2011). With the available data it is not
possible to favor any of these scenarios, so we leave this question open to future studies.
A larger and statistically more significant sample of transitional disks and modeling
are required to confirm whether the difference found at the PACS bands applies to the
whole transitional disk sample, to identify the real cause (or causes) of the excess, and
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to understand whether transitional disks are indeed a later stage of Class II objects or
follow a different evolutionary path.
4.5 Conclusions
We presented a new method for identifying transitional disks based on the slope between
the WISE 12µm and PACS 70µm bands. We have applied this method to the whole
sample of known Class II objects in the Cha I and II star-forming regions. We were
able to separate known transitional sources from Class II objects, and reclassified five
objects as possibly non-transitional. This method could produce false positives due to
the presence of edge-on disks, and Hertzsprung–Russell diagrams should be used to
reject underluminous sources. As a result, we found an observed contamination level of
∼ 45% among previously identified transitional disks in these regions. The size of our
sample is relatively small, and these results cannot be applied to the whole transitional
disk sample. However, a revision of the transitional disk population in other star-forming
regions is warranted to determine the real contamination level and to account for its
effects.
We built the median SED of Class II sources in the regions, and found significantly higher
PACS fluxes in the transitional disks compared to it. This excess could be produced
during the transitional phase, or be explained in terms of a different evolutionary path
for transitional disks and Class II sources.
Future studies of other star-forming regions observed by the Herschel Space Observatory
will clarify the contamination level of the sample of known transitional objects, and will
provide stronger evidence for a systematic excess at PACS wavelengths in transitional
disks with respect to Class II sources.
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4.6.1 CS Cha
CS Cha was first studied by Gauvin & Strom (1992), who found evidence that it harbors
a disk with inner holes. It is known to be a spectroscopic binary system, as confirmed by
Guenther et al. (2007) (period ≥ 7 years, minimum mass of the companion ∼0.1 M),
although previously Takami et al. (2003) suggested this option based on the large gap
found in its disk. This previously unknown feature is probably the reason for the spectral
type inconsistency found in the literature (Henize & Mendoza v 1973; Appenzeller 1977;
Rydgren 1980; Appenzeller et al. 1983; Luhman 2004a). In this study we used the K6
spectral type found by Luhman (2007). The binary nature makes the disk around CS
Cha into a circumbinary disk. The disk has been modeled intensively, initially excluding
the effect of the binary system (Espaillat et al. 2007a, 2011) and evidence of an inner hole
of ∼ 40 AU was found. Espaillat et al. (2011) also pointed out the need for a different
mass distribution in CS Cha compared to that of disks around single stars. A more
recent analysis by Nagel et al. (2012) also accounted for the binary effect. To reproduce
the variations found at the IR wavelengths, the model includes the emission from the
inner disk structure generated by the double system, with a ring and streams of material
falling from the ring to the circumstellar disks around the individual stars. Another
2MASS source is found at 5′′away. It is 6 magnitudes weaker than CS Cha in the 2MASS
J band and undetected in the rest of the 2MASS bands. Contamination from this object
is therefore very unlikely.
CS Cha is located in front of a bright background. Therefore, the SPIRE fluxes are very
likely underestimated because the background emission was probably overestimated
during the photometry extraction.
4.6.2 SZ Cha
This source was cataloged as a K0 star by Rydgren (1980) and was first identified as a
disk with a possible inner gap by Gauvin & Strom (1992). Luhman (2007) reviewed its
properties, and it was lately confirmed by Kim et al. (2009) as a transitional disk. It has
sometimes been referred to as a pre-transitional disk, given the small excess found at
3-10µm. The first modeling results by Kim et al. (2009) suggested an inner disk radius of
∼ 30 AU. Espaillat et al. (2011) modeled this object in detail, noting flux variations from
IRS spectra at different epochs on periods shorter than three years. These variations
are attributed to changes in the height of the optically thick disk wall (from 0.006 to
0.08 AU), and they do not modify the 10µm silicate emission feature. SZ is known to
be a wide binary (Vogt et al. 2012). A companion is found at ∼ 5′′(projected distance
of 845 AU), which could be causing truncation of the outer disk. The contribution of
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this source to the total measured fluxes in this study is likely to be negligible, since it
is 4 magnitudes weaker than SZ Cha in the 2MASS J band. However, the possibility of
an increase in its FIR measurements cannot be excluded.
4.6.3 T25
T25 was identified as an M3 star by Luhman et al. (2008a) and was found to be a
transitional disk by Kim et al. (2009). The lack of IR excess at wavelengths < 8µm
indicates that the inner regions of the disk are well depleted of small dust particles. The
modeling by Kim et al. (2009) yields an inner radius of 8 AU for the disk. It is the only
detected transitional object, together with T35, lacking the silicates feature at 10µm,
another indication of an efficient depletion of small particles in the inner disk region.
T25 has no known stellar companions (Nguyen et al. 2012).
4.6.4 T35
Gauvin & Strom (1992) classified this source as an M0 star, and it was later identified
as a possible a pre-transitional disk by Kim et al. (2009) because it displays weak excess
at short IR wavelengths. In this case, the inner disk radius is located at 15 AU (Espaillat
et al. 2011). As in T25, there is no sign of silicate emission. The excess at 70µm is
lower than in other cases, but does not resemble the typical Class II SED. It has no
confirmed known stellar or substellar companions (Nguyen et al. 2012). However, recent
sparse aperture masking observations of this source by Cieza et al. (2013) showed and
asymmetry in its K-band flux. On the basis of modeling, these authors found the inner
disk radius to be ∼8.3 AU. They were also unable to distinguish between the close-
companion scenario and the asymmetry being produced by the starlight scattered off
the disk itself.
4.6.5 T56
This source was found to be an M0.5 start in Gauvin & Strom (1992). Kim et al. (2009)
identified it as a transitional disk with a inner disk radius of 18 AU. As in the other
transitional disks in this study, its excess is higher than the expected Class II flux at
the PACS bands. It has no known bound companions (Nguyen et al. 2012).
4.6.6 ISO-ChaI 52
ISO-ChaI 52 is an M4 star (Luhman 2004a). Espaillat et al. (2011) proposed it as a
transitional disk, finding the source to be an extreme case among their sample: based
106 4.6. Appendix: transitional disks detected with Herschel
on variations of its Spitzer spectrum, models require the inner wall height to increase by
about 400 % (from 0.0006 to 0.003 AU). We also found it to be an outlier in the sense
that it has the flattest SED between 12 and 70µm. No bound companions are known
for ISO-ChaI 52 (Nguyen et al. 2012).
4.6.7 CR Cha
CR Cha is an M0.5 star (Gauvin & Strom 1992). Furlan et al. (2009) found it to be an
outlier in their sample when comparing the equivalent width of the silicates emission and
the spectral slope between 13 and 31µm: it was beyond the parameter space considered
in their study. The explanation given in Furlan et al. (2009) is that this source could
be a pre-transitional disk. For this reason, Espaillat et al. (2011) included it in their
sample of transitional disks. In this study, we found this object to be compatible with
a Class II object. It is also located among other Class II objects using the proposed
classification method (Fig.4.2). Therefore, although we cannot completely rule out the
possibility that this object is in a pre-transitional disk phase given its strong silicates
emission, it would be in a very early stage of the transitional phase.
4.6.8 WW Cha
This source was first classified as a K5 object by Gauvin & Strom (1992). It was included
in the analysis of Espaillat et al. (2011) for the same reason as CR Cha, and modeled as
a pre-transitional disk. Comparison with the median SED of the Class II sources shows
that WW Cha is well above the median. The SED of WW Cha resembles a typical Class
II object, probably still embedded in the core, as suggested by its high extinction (Av ∼
4.8 mag) and its position in the Herschel maps. The dusty environment in which it is
located could significantly pollute the photometry and, hence, our conclusions about
this object.
4.6.9 T54
T54 is known to be a misclassified transitional disk (Matra` et al. 2012), and therefore we
excluded it from our analysis. The Herschel images show contamination from close-by
extended emission, which affected our photometry and, hence, our conclusions. The
non-transitional nature of this object is also supported by the fact that it would be the
only transitional disk in our sample with no excess emission at 70µm with respect to
the median SED Class II disks.
5
Modeling transitional
disks in Chamaeleon with
Herschel
With the advent of Herschel, FIR photometry is available for large samples of YSOs,
making standard radiative transfer modeling techniques based on the computation of
large grids of models impractical. Modern techniques using advance statistical methods
such as Markov Chain Monte Carlo are the only way to model large samples of YSOs
in reasonable computational times. In this chapter, we model three transitional disks
in the Chamaeleon I star-forming region, and use Markov Chain Monte Carlo (MCMC)
techniques to derive posterior functions for the used free parameters. We also explore
the addition of Herschel data to our knowledge of these targets and compare our results
with previous studies of these targets.
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5.1 Introduction
Transitional disks are one of the main research topics within the current paradigm
of planet formation: these are protoplanetary disks with signatures of cavities and/or
gaps in their dust distribution, which could be directly linked to forming planets (see
Espaillat et al. 2014, for an updated review on this field). For this reason, a proper
characterization of these systems could set strong constrains on the conditions under
which planets come to be. However, these gaps could also be produced by other mecha-
nisms such as photoevaporation, dust growth and settling towards the disk middle plain,
dynamic clearing by (sub)stellar companions, or a combination of several of these (e.g.
Ireland & Kraus 2008; Birnstiel et al. 2012; Alexander et al. 2014; Espaillat et al. 2014).
Despite the large number of studies of transitional disks covering the whole wavelength
domain with several observing techniques (e.g., photometry, spectroscopy, polarimetry,
or interferometry), there are several open questions about them: what is the connection
between transitional disks and planet formation? Do all disk go through a transitional
phase? What are the main processes responsible for their formation and evolution?
The spectral energy distributions (SEDs) of full, optically thick circumstellar disks
(Class II) have significant infrared (IR) excess with respect to their photospheric level
from the near-infrared (NIR, 1-5µm) to millimeter wavelengths (Williams & Cieza
2011). In contrast, SEDs of transitional disks normally display a very distinctive shape,
with small or no NIR excess, but with important excess at mid-infrared (MIR, 5-50µm)
and far-infrared (FIR, 50µm and longer) wavelengths. This lack of NIR emission is
usually attributed to dust depleted inner regions in the disk, and the location and
shape of this change in the SED behavior (around ∼10µm) can be used to partially
characterize the gap structure (e.g. Calvet et al. 2005; Espaillat et al. 2010, 2011). For
this reason, transitional disks have been extensively studied and modeled in the past with
MIR spectra from the IRS instrument (Houck et al. 2004) on board the Spitzer Space
Telescope, which yielded thousands of IR spectra of circumstellar disks between 5-38µm
and provided detailed information about their dust composition and the morphology of
the inner regions (e.g. Kim et al. 2009; Mer´ın et al. 2010; Espaillat et al. 2011; Furlan
et al. 2011). At these wavelengths, the disk is unfortunately optically thick, and several
important parameters such as the disk flaring or mass remain poorly or completely
unconstrained with SED modeling and lack of information for larger wavelengths. This
later parameter is specially relevant, since it gives an estimate of the amount of mass
available for planet formation. A more in-depth knowledge of transitional disks can be
achieved in the (sub)mm domain, where the disk becomes mostly optically thin and the
flux can be related to the disk mass (e.g., Andrews & Williams 2005; Andrews et al.
2013). The advent of the Herschel Space Observatory Herschel produced a large number
of FIR observations of protoplanetary and transitional disks between 70 and 500µm,
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providing information at larger wavelengths that can be used to better constrain some
parameters of transitional disks.
In this paper, we study the contribution of Herschel data to our knowledge of transitional
and (pre)transitional disks (objects with small excesses in the NIR and significant
excesses at longer wavelengths) in the Chamaeleon I star-forming cloud. This region is
located at 160-180 from the Sun (Whittet et al. 1997, and references therein), and is
part of the Chamaelon-Musca molecular cloud complex (Luhman 2008). Chamaelon-I
is ∼2 Myr old (Luhman et al. 2008a) and given its proximity, it has been a common
target for star-formation and YSOs population studies in the past (e.g., Luhman 2007;
Luhman et al. 2008a; Belloche et al. 2011), which have identified more than 200 YSOs in
the region. It was also one of the clouds observed by Herschel as part of the of the Gould
Belt survey (Andre´ et al. 2010), and some studies have already provided a Herschel view
of YSOs this region (Winston et al. 2009), disks around low-mass stars (Olofsson et al.
2013), and transitional disks in the region (Ribas et al. 2013; Rodgers-Lee et al. 2014).
Here, we focus on the improvement of parameter constrains when including Herschel
data in the modeling of three transitional disks in Chamaeleon I. We combine radiative
transfer modeling with Markov Chain Monte Carlo (MCMC) methods to conduct a
Bayesian analysis of the properties of these sources. Sect. 5.2 describes the sample and
data used. The modeling procedure can be found in Sect. 5.3, and the results of the
process are described in Sect. 5.4. Finally, we discuss the implications of our analysis in
Sect. 5.5.
5.2 Observations of transitional disks in Chamaeleon I
5.2.1 The sample of transitional disks in Chamaeleon I
A total of 12 sources classified as (pre)transitional disks in the Chamaeleon I region:
C7-1, SZ Cha, CS Cha, T21, T25, T35, T56, CHXR 22E, CR Cha, WW Cha, ISO-ChaI
52, and 2MASS J11241186-7630425 (Damjanov et al. 2007; Luhman et al. 2008a; Furlan
et al. 2009; Kim et al. 2009; Espaillat et al. 2011; Manoj et al. 2011). We note that the
definition of transitional disk is not unique, and therefore other sources may meet this
category. In a previous study (Chapter 4, Ribas et al. 2013), we used a selection criterion
to identify transitional disks with strong changes in their SED slopes using Herschel
PACS 70µm data. In that study, we selected the six transitional disks (SZ Cha, CS Cha,
T25, T35, T56, and ISO-ChaI 52) which were both detected in Herschel maps and met
the criterion in Ribas et al. (2013). Another object, ESO-Hα 559 met the mentioned
criterion. Robberto et al. (2012) proposed this source is an edge-on disk based on SED
modeling. Rodgers-Lee et al. (2014) noted that this source is not under-luminous, and
Olofsson et al. (2013) presented detailed Bayesian modeling of this source. We have
queried the NACO archives and found KS band observations of this target (program
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Table 5.1: Coordinates and stellar parameters used in this work for the considered sample
of (pre)transitional disks.
Name R.A.J2000 Dec.J2000 AV SpT T∗ L∗ M∗ R∗
(mag) Type (K) (L) (M) (R)
SZ Cha 10:58:16.77 -77:17:17.1 1.9 K0 5250 1.9 1.4 1.7
CS Cha 11:02:24.91 -77:33:35.7 0.8 K6 4205 1.5 0.9 2.3
T25 11:07:19.15 -76:03:04.9 1.6 M3 3470 0.3 0.3 1.5
T35 11:08:39.05 -77:16:04.2 3.5 M0 3850 0.4 0.6 0.5
T56 11:17:37.01 -77:04:38.1 0.6 M0.5 3720 0.4 0.5 1.6
ISO-ChaI 52 11:04:42.58 -77:41:57.1 1.3 M4 3370 0.1 0.3 1.0
075.C-0042(A)). The images show no signatures of an edge-on disk, in agreement with
Rodgers-Lee et al. (2014). All these evidences support the idea of ESO-Hα 559 being a
transitional disk. However, since it has been already modeled, we chose not to include
it in this analysis. For the six aforementioned transitional disks, we used the stellar
parameters in Espaillat et al. (2011), and refer the reader to this study for further
references. Table 5.1 lists the adopted stellar properties.
5.2.2 Herschel data of the Chamaeleon I region
In Ribas et al. (2013), we presented Herschel aperture photometry measurements of the
six mentioned transitional disks in Chamaeleon I. In that previous study, we visually
inspected the position of the known Class II sources in the region (see Ribas et al. 2013,
for a complete description of the sample), and in this paper we maintain the detection-
s/upper limits classification. Later, Rodgers-Lee et al. (2014) identified a systematic
discrepancy between those values and the ones in Winston et al. (2012), which used
the getsources algorithm (Men’shchikov et al. 2012). We attribute such differences to
the different map-making algorithms used, but more detailed discussion on this can
be found in Appendix 5.7. Here, we describe the adopted map-making algorithms and
updated photometry extraction method.
The Chamaelon I region was observed with Herschel (Pilbratt et al. 2010) as part of
the Gould Belt Key Program (Andre´ et al. 2010). Parallel mode observations from this
program (OBSDIs: 1342213178, 1342213179) provided PACS (Poglitsch et al. 2010) 70
and 160µm and SPIRE (Griffin et al. 2010) 250, 350 and 500µm maps at a scan speed
of 60′′/s. Additional PACS 100 and 160 scan observations are also available at scan
speed of 20′′/s (OBSIDs: 1342224782, 1342224783). Although with smaller coverage,
this last set of observations is deeper and has a slower scan speed (hence a smaller point
spread function, PSF), so we chose to use them for the 160µm band. We note that T25
is outside the smaller scan maps, and no 100µm photometric measurement is available
for this target. Its 160µm flux was obtained from the parallel mode data.
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Table 5.2: Herschel fluxes of the modeled (pre)transitional disks disks in this study. Ellipsis
indicate non-detected sources
Name F70 F100 F160 F250 F350 F500
(Jy) (Jy) (Jy) (Jy) (Jy) (Jy)
SZ Cha 4.01±0.80 3.74±0.75 3.56±0.71 2.53±0.51 1.85±0.37 1.02±0.20
CS Cha 3.20±0.64 2.88±0.58 2.27±0.45 1.31±0.26 1.04±0.21 . . .
T25 0.53±0.11 . . . 0.38±0.08 0.25±0.05 0.17±0.03 0.06±0.01
T35 0.43±0.09 0.32±0.06 0.15±0.03 . . . . . . . . .
T56 0.76±0.15 0.60±0.12 0.48±0.10 0.25±0.05 0.17±0.03 0.09±0.02
ISO 52 0.20±0.04 0.22±0.04 0.24±0.05 . . . . . . . . .
We used the Herschel Interactive Processing Environment (HIPE Ott 2010) version 12.1
to process the maps of the region. We adopted the standard map-making algorithms
used in the Herschel Science Archive, i.e., jscanam for PACS maps (a HIPE adaptation
of the Scanamorphos software Roussel 2013), and destriper for SPIRE maps. In the
case of jscanam we chose to remove turnarounds with speeds 50 % or more higher than
the nominal value, and we do not use the extended emission gain option for destriper,
as recommended for point source photometry.
We used the AnnularSkyAperturePhotometry task in HIPE to estimate fluxes in the
PACS maps. Medium or fast scan speeds and the combination of scan and cross scans
can produce elongated PSFs, and we adopted aperture radii of 15 ′′, 15 ′′, and 22 ′′ for
PACS 70, 100 and 160 bands, respectively (see Appendix 5.7). The background was
estimated within an annulus with inner and outer radii of 25 ′′and 35 ′′. We then applied
the corresponding aperture corrections of 1.206, 1.222, and 1.372 (Balog et al. 2014). The
thermal emission from the outer disk of transitional disks peaks at these wavelengths,
and their SEDs are roughly flat in this regime. For this reason, we chose not to apply
color corrections in this case. For SPIRE, we used the recommended procedure and
fit the sources in the timeline (Pearson et al. 2014). This method does not require
aperture corrections. We also note that this procedure successfully detected T25 at
500µm. This source was previously marked as an upper limit in this band in Ribas et al.
(2013) due to the strong background surrounding it, but we chose to use this detection
given the better method used here and its consistency with the overall shape of the
SED. Conversely, the timeline fitter does not detect CS Cha at 500µm probably due
to difficulty in disentangling the emission from the object and the cloud with sufficient
confidence, and therefore we do not include this wavelength in its SED. SPIRE traces
the Rayleigh-Jeans regime of the disk emission, and we applied the color correction
factors corresponding to black-body emission (0.945, 0.948, 0.943 for SPIRE 250, 350,
and 500 bands, respectively, see SPIRE Handbook Version 2.5). Finally, we adopted
conservative uncertainties of 20 % to account for different effects (see Appendix 5.7).
The obtained Herschel values can be found in Table 5.2.
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5.2.3 Near/mid IR photometric data of transitional disks
In Ribas et al. (2013), we compiled photometry from several surveys and catalogs to
build well-sampled SEDs of the six transitional disks mentioned in Sect. 5.2.1. However,
the aim of this paper is to model these SEDs, and hence we only select non-redundant
photometric data. We therefore chose to include the following bands in the near/mid-IR:
2MASS J, H, and Ks, and IRAC1 and IRAC2 bands. This selection provides a nice
coverage of the 1-6µm regime, key to separate (pre)transitional disks from transitional
disks (Espaillat et al. 2010). It also avoids redundancy (including several data in a small
wavelength domain), which could give excessive weight to certain parts of the SED in the
model fitting process. Typical photometric uncertainties of these measurements are below
5 %, but given the main scope of this paper (i.e., modeling transitional disks), possible
IR variability of the sources should also be considered to derive proper uncertainties
in the physical parameters (Muzerolle et al. 2009). To account for these two effects
(photometric uncertainties and variability), we chose to set uncertainties to be a 10 %
of the observed fluxes.
Finally, all photometric points were derredened using the corresponding AV (see Table 5.1
and the extinction law in Indebetouw et al. (2005).
5.2.4 IRS spectra of transitional disks
We retrieved low resolution IRS spectra from the Corner Atlas of Spitzer/IRS Sources
(CASSIS) database (Lebouteiller et al. 2011) for the six (pre)transitional disks in our
study. CASSIS provides optimally extracted IRS spectra, and is well suited for our pur-
poses. For these spectra, we first separate the clean zones of the IRS spectra (7 to 14µm
and 20.5 to 35mum for the first order, < 20.5µm for second one), and reject bad pixels
(e.g. negative or NaN values). As a compromise between estimating monochromatic
fluxes required for model fitting (see Sect.5.3) while reducing the impact of possible arti-
facts in the spectra, we chose to bin them in ten equally spaced wavelengths throughout
the spectra coverage, and estimate the fluxes for each of them as the mean value of ten
pixels centered around each corresponding wavelength. We checked this procedure to
produce nice sampling of the IRS spectra (see Fig. 5.1 for an example), while being a
good compromise for the SED fitting: a whole IRS spectra typically contains 300-400
good pixels, and fitting them all would put most of the weight on the IRS spectra itself.
By reducing its contribution to a comparable number to that of photometric data (∼ 10)
we ensure that all parts in the SED contribute to the fitting procedure in a similar
manner. As in Sect. 5.2.3, we assigned 10 % uncertainties to the binned data, a typical
variability value for these disks (Espaillat et al. 2011).
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Figure 5.1: Derredened IRS spectrum of SZ Cha. Black dots show the CASSIS spectrum of
this source (after bad pixels rejection) with the corresponding error bars. The binned spectrum
and assumed errors is shown as red, larger dots. It properly traces the shape of original data
including the silicate feature at 10µm.
5.3 Modeling
We aimed at modeling the transitional disks in Chamaeleon I region and quantifying
the impact of adding photometric Herschel data to this process. For this reason, we
used two different datasets for each object. The first dataset comprises the available
data from 2MASS, IRAC1/IRAC2, and the binned IRS spectra. The second dataset
also includes Herschel photometry.
We used the MCFOST software (Pinte et al. 2006) version 2.19 to model these disks.
MCFOST uses a Monte Carlo raytracing procedure to generates synthetic SEDs and
images of circumstellar disks. First, it produces temperature and density maps of the
disk using the provided stellar and disk parameters. In this case, we used 107 photons in
this step (enough to produce smooth and well-sampled temperature maps of the disks).
Second, a list of wavelengths is provided, and MCFOST computes the corresponding
synthetic monochromatic fluxes. We required 2 000 photons to be received for each
wavelengths, corresponding to noise levels of 2-3 % in the flux estimates and well below
the assumed observational uncertainties (10-20 %).
Our models include seven free parameters: disk dust mass (Mdust), inner and outer radii
(Rin, Rout), scale height at 100 AU (H100), flaring index (h), surface density exponent
(p), and the maximum grain size (amax). Mdust and amax can take values within several
orders of magnitude, and we chose to explore them in logarithmic scale. Given the
complex structures of circumstellar disks, there are several degeneracies and dependencies
in these parameters, and some may even be totally unconstrained with the available
data. We did not attempt to fit the mineralogy of the disks. Instead, we assumed
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typical astronomical silicate compositions, and fixed the minimum grain size to 0.01µm.
Although very interesting, this would add an important source of complexity to modeling
and we preferred not to include it in our comparative analysis. Following Espaillat
et al. (2011), we also fixed the inclination of all disks to i=60 ◦. Although somewhat
arbitrary, none of these objects show signatures of high-inclination (e.g., silicate features
in absorption or underluminous photospheres). Moreover, for wavelengths > 13µm, the
mid-IR continuum is almost insensitive to this effect unless the disk is very close to
edge-on (Furlan et al. 2006; D’Alessio et al. 2006).
Among the objects in the sample, four of them (SZ Cha, T35, T56 and ISO 52) have NIR
excess over the photospheric emission. This feature is characteristic of pre-transitional
disks, sources with an optically thick inner disk, separated from the outer disk by a gap
in the radial dust distribution (e.g., Espaillat et al. 2007b). Additionally, CS Cha has no
NIR excess but a prominent silicate emission feature at 10µm, indicating the presence
of optically thin dust in its inner hole. The inner disks of these objects have already
been modeled in detail (e.g., Espaillat et al. 2007a; Kim et al. 2009; Manoj et al. 2011)
and we do not attempt to fit them: instead, we included an additional disk structure
in these cases, and found a reasonable combination of disk parameters that reproduced
the NIR SED shape. The inner disks remained fixed during the fitting process. This
may have an impact in our final results, as discussed later in the paper (see Sect. 5.5.1).
5.3.1 Fitting procedure
We used a Bayesian approach to properly derive confidence intervals for the outer disk
parameters. Bayesian techniques have been increasingly used in Astrophysics during the
past years, and we do not intend to explain them in detail. Instead, we refer the interested
reader to introductory works such as Trotta (2008). Here we describe the priors used
and the Markov Chain Monte Carlo (MCMC) method using ensemble samplers with
affine invariance.
5.3.1.1 Prior selection
The selection of restrictive priors may have a significant effect on the fitting results.
However, priors are also important tools to force parameters to remain within certain
ranges, avoiding non-physical solutions. We used flat priors for all the parameters, and
constrain them to reasonable values for transitional disks. The prior ranges used were
as follows:
− logMdust: from -6 to -2 logM,
− Rin: from 1 AU to rin−out,
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− Rout: from rin−out to 500 AU,
− H100: from 0.5 to 25 AU,
− h: from 0.8 to 1.3,
− p: from -2.5 to 1,
− log amax: from -1 to 4 logµm,
where rin−out depends on the target, and is used to avoid the outer disk becoming smaller
than the inner one during the evolution of the MCMC. Based on previous results (Kim
et al. 2009; Espaillat et al. 2011), we set rin−out to 40 AU for SZ Cha, 50 AU for CS Cha,
and to 30 AU for the rest of objects. Since we are using flat priors, rin−out does not
modify our results in any way unless it prevents Rin or Rout from reaching their true
vale (i.e., the prior distribution does not include the optimal Rin or Rout values, if any).
Nevertheless, this issue can be easily identified if we find that most of the posterior
distribution is accumulated at the limit of the priors range. Also, modeling of ISO 52
by Olofsson et al. (2013) obtained an inner disk radius of ∼3 AU, which is at the very
edge of the prior for this parameter. For this reason, we extended the Rin prior range
for this target down to 0.1 AU.
5.3.1.2 MCMC and ensemble samplers with affine invariance
MCMC methods have several advantages for fitting: they sample directly from the
posterior distribution, and unlike other methods (e.g., model grids) are not impacted
by the “curse of dimensionality” (rapid increase of the number of required models with
the number of free parameters). They are also useful to identify degeneracies between
different parameters. However, they are very dependent on the initial position of the
chain: if this position is far from the best-fit, they usually require a large number of
iterations to reach convergence.
A variant of this method known as ensemble samplers with affine invariance (Goodman
& Weare 2010) provides an elegant solution to this issue. This method uses several
“walkers” or individual chains. At every step, random linear combinations of walker
pairs are used to evolve the chain (a full mathematical description of the method
can be found in Goodman & Weare 2010). This approach has shorter autocorrelation
times, i.e., convergence is reached earlier in the chain evolution. We implemented the
“parallel stretch move” following Foreman-Mackey et al. (2013) to ensure detailed balance
required for MCMC sampling. In every iteration, the chain comprises 100 walkers. To
maintain the acceptance rate of newly proposed positions between 10 and 50 % (a good
compromise between a random walk and discarding most of the new positions), we
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tuned the stretch parameter of the walk (a) to 1.5. We assumed Gaussian errors for our
photometry, and used the typical likelihood function for this case:
L =
N∏
i=0
1√
2piσi
exp−(Fobs,i − Fmodel,i)
2
2σ2i
= exp−χ
2
2
N∏
i=0
1√
2piσi
(5.1)
where N is the number of photometric points, Fobs,i is the derredened observed flux at a
given wavelength, σi is the corresponding uncertainty, Fmodel is the model flux at that
wavelength, and χ is the chi square. To avoid dependencies with the distance to the
objects, we normalize every model to the J band prior to estimating the likelihood. This
should have no impact in our results, since the J band traces photospheric emission in
transitional disks and does not depend on disk parameters, hence all models obtained
for a given object have always the same J flux.
When available, we set the initial position of the chains around previous results in
the literature (Kim et al. 2009; Espaillat et al. 2011). In any case, the posterior from
MCMCs are only valid once the system has lost memory of their initial values. This
can be quantified using the autocorrelation time of the chains, which gives and estimate
of the required number of iterations to draw independent samples. For every case in
this study, we computed the autocorrelation time for each walker in each parameter,
and took the maximum value for conservative purposes. We then left the system evolve
for five autocorrelation times (typically ∼ 500 iterations). At this point, the results
are independent of the initial position, and the chain is now sampling the posterior
distribution. We then estimated the posterior function with other five autocorrelation
times (i.e., 50 000 models, the result of the 500 iterations per 100 walkers used). A
typical chain evolution is shown in Fig. 5.2.
Despite this method represents an important improvement with respect to full model
grids (see discussion in Sect. 6.2), MCMC analysis with raytracing methods is still
computationally demanding and by the time of writing this thesis, only the modeling
of SZ Cha, CS Cha, and T25 has been completed. The following results describe these
three objects.
5.4 Results
5.4.1 Fitting results without Herschel data
We first use the dataset without Herschel data to explore which parameters can be
constrained with NIR/MIR information. The resulting posterior distributions for the
sources are shown in Fig. 5.3, and the yielded values in Table 5.3. The adopted procedure
also allows to study degeneracies between different parameters by plotting positions of
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Figure 5.2: MCMC chain evolution for T25. Each line represents the evolution of one of the
100 walkers used in the process. The results for modeling without Herschel data (blue) and with
Herschel photometry (red) are shown. Specially for Mdust, the impact of FIR data is clearly
visible.
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the chains in different 2-D projections. The degeneracies are very similar in all cases
(Figs. 5.5 to 5.7) show the cornerplots for the considered objects.
Several conclusions can be drawn from the resulting posterior functions for the considered
parameters by analyzing 5-95 % confidence intervals (Fig. 5.3):
− Mdust: as expected, it is not possible to constrain the mass of dust at all using
data up to MIR wavelengths.
− Rin: in all cases, IRS data are enough to constrain the location of the inner wall
within 5-20 AU.
− Rout: MIR data do not provide any information about the outer disks.
− H100: the scale height, on the other hand, should be at least partially constrained
with these data. Different scale heights modify the amount of stellar flux inter-
cepted by the disk, changing the emission from the inner disk. Our results agree
with these expectations, and we find that IRS spectra can constrain H100 within
10 AU.
− h: the flaring index has small influence in MIR data, and therefore is poorly traced
in this dataset. Despite this, large values of h are preferred.
− p: because MIR data trace mostly the emission from the disk inner wall, it is
unlikely that they can constrain the surface density distribution. This is consistent
with our results, which place no constrain on this parameter.
− amax: any observation at a wavelength λ is only sensible to emission from grains
of the size a ∼ λ (Draine 2006), hence MIR data should pose no constrain at all in
this parameter, which may even be degenerate: if amax is small enough (< 10µm),
it could produce substantial changes in the SED and therefore play a role in the
modeling, which is in fact clearly visible in the form of double peaked posterior
distributions. Although much larger grains are generally expected in disks, our
data are not enough to solve this effect.
− As expected, several degeneracies appear in all cases, the most obvious being inner
radius with scale height, and scale height with flaring index. In some cases, the
inner radius also shows a dependence with the maximum grain size.
5.4.2 Fitting results with Herschel data
We repeated the modeling procedure including Herschel data for the three transitional
disks remaining in the sample. As in the previous case, the resulting posterior distribu-
tions are shown in Fig. 5.3, and full corner plots in Figs. 5.5 to 5.7. Fig. 5.4 show the
120 5.5. Discussion
observed SEDs and modeling results, and Table 5.3 provides the numeric values of this
process.
− Mdust: we find that Herschel can narrow down the amount of mass in the disks.
For SZ Cha and T25, the posterior distributions show it to be constrained within
one order of magnitude, whereas for CS Cha the distribution is broader (∼2 dex).
This is also expected, since CS Cha lacks a detection at 500µm, in contrast with
the other two sources.
− Rin: Herschel data also help to improve the estimate of the inner disk, decreasing
its uncertainty down to 5-10 AU.
− Rout: as with the Spitzer -only dataset, there is no information about the outer
radius in photometric data.
− H100: the scale height is better constrained with Herschel for SZ Cha and CS Cha,
reducing the uncertainties by a factor of ∼ 2. For T25, there is no improvement
in the estimate of this parameter.
− h: as in the previous case, the 5-95 % confidence intervals for this parameter cover
basically the full extent of the prior, but interestingly the distributions show a
weak preference for values around 1-1.1.
− p: surface density shows a similar behavior than h with Herschel data, yielding
distributions suggesting small values specially for SZ Cha and CS Cha. Combined,
the results of h and p may indicate anomalous outer disks for these objects, which
will be discussed in the following section.
− amax: Herschel data break the two-peak degeneracy in the maximum grain size
estimation. Although they are not enough to provide a real estimate of this value,
they inform us that this value is very likely larger than 100µm in all cases.
− most of the formerly mentioned degeneracies are still present when Herschel pho-
tometry is included in the analysis. However, as discussed in the previous point,
they are sufficient to rule out small values of amax.
5.5 Discussion
5.5.1 Limitations and future prospects
We have used a radiative transfer software (MCFOST) to produce synthetic SEDs
of transitional disks. This offers several advantages (e.g., SEDs of very complex disks
without an analytic solution can be computed), but it does not guarantee that the disk
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Table 5.3: Results of the MCMC fitting for the seven free parameters considered. We tabulate the obtained median value and the 5 % and 95 % confidence
intervals. For each column, results obtained without Herschel data (left) and with them (right) are provided.
Object logMdust Rin Rout H100
(logM) (AU) (AU) (AU)
SZ Cha −3.6+1.5−2.0 | −3.4+1.0−0.5 17+7−7 | 13+2−4 220+240−170 | 200+240−120 8.8+5.0−3.1 | 7.6+2.9−1.7
CS Cha −3.8+1.6−2.0 | −3.8+1.4−0.8 19+16−7 | 18+6−5 200+250−130 | 210+250−140 5.8+10.4−2.7 | 4.6+4.2−1.3
T25 −4.2+2.0−1.6 | −4.7+0.6−0.5 8.0+4.4−3.4 | 6.6+1.6−2.1 190+260−150 | 220+250−160 6.0+8.1−3.0 | 7.6+9.0−3.8
Object h p log amax
- - (log µm)
SZ Cha 1.1+0.2−0.3 | 1.0+0.2−0.2 −1.0+1.7−1.3 | −1.6+1.9−0.8 0.2+3.5−0.6 | 2.9+1.0−1.1
CS Cha 1.1+0.2−0.3 | 1.0+0.3−0.2 −1.1+1.8−1.3 | −1.6+1.9−0.9 2.4+1.5−2.8 | 2.7+1.1−2.1
T25 1.1+0.1−0.3 | 1.1+0.2−0.2 −1.0+1.8−1.3 | −1.1+1.1−1.2 1.8+2.0−2.3 | 2.9+1.0−0.9
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Figure 5.3: Posterior distributions of the free parameters for the considered transitional disks
in this study. Results without Herschel data are shown in blue, those including Herschel in red.
structure is physically consistent. We have set physically meaningful priors to try to
overcome this issue, but the final combination of parameters is driven by the MCMC
process and there is no physical constrain in them. In the future, physically consistent
models like those by D’Alessio et al. (2006) can be used to complement these results,
although this different set of models relies on significantly uncertain parameters such
as the disk viscosity and accretion rates, and should also be considered with caution.
We have not fit the inner disk of pre-transitional objects, but fixed it to reproduce the
NIR emission when present, specially the silicate emission. Although we are focusing on
the outer disks, this may have some impact in our results: there are several degeneracies
in SED fitting, and different inner disks could produce very similar near-IR excess. If
this is the case, the shadow cast by the inner disk on the outer wall (e.g., Espaillat
et al. 2010, 2011) could be different, altering the temperature distribution and changing
the obtained inner radii. We have not explored the effect of different mineralogies in
our results, which could also modify the results (see e.g. the case of LkCa 15, Espaillat
et al. 2010, 2011). Further extension of this analysis will also include additional free
parameters of an inner disk in the case of pre-transitional sources, as well as a more
in-depth treatment of the dust composition.
Finally, we have assumed simple disk models, with axial symmetry and one single
gap in all cases. Holes in (pre)transitional disks have been found to harbor significant
inhomogeneities such as spiral arms or dust traps (e.g., Andrews et al. 2011; van der
Marel et al. 2013). An striking example of this was provided by ALMA long-baseline
observations of the protoplanetary disk around HL Tau (ALMA Partnership et al.
2015), which revealed an incredibly complex system of radial gaps in its dust distribution.
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Figure 5.4: Observed SEDs for the transitional disks in this study. Photometric data from
previous studies are shown as blue solid circles, Herschel measurements as red squares. Uncer-
tainties are plotted, although in several cases are smaller than symbol sizes. We also show 100
randomly selected models from the obtained posterior distributions for each case: blue lines cor-
respond to fitting without Herschel data, red lines the resulting models when including Herschel
photometry. This gives an idea on the total uncertainties in the SEDs of the modeled disks.
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Figure 5.5: Cornerplot for SZ Cha. Histograms show the posterior distribution for each free
parameter, scatter plots display the position of each chain in two parameter spaces to trace
degeneracies. The results without Herschel data are shown in blue, those including Herschel in
red.
Although not obvious in the SEDs, transitional disks may display much more complicated
architectures, and hence our models are only a naive approach to their study.
5.5.2 Masses and inner radii
Two of the considered parameters in our models have been found to improve significantly
when including Herschel data: the disk dust mass and its inner radius.
The mass of the disk is arguably one of the most important parameters for planet
formation. It determines the available reservoir to build up planets in the system,
is related to disk viscosity and accretion, and can even modify the planet formation
mechanism (the disk instability scenario require high Mdisk/M∗ values, e.g., Lodato et al.
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Figure 5.6: Cornerplot for CS Cha. Scheme and colors as in Fig. 5.5.
2005). Although the bulk of mass in protoplanetary disks is in gaseous form, photometric
IR data are only sensitive to emission from dust particles, which are efficient radiation
absorbers and emitters. Hence, only the dust mass is constrained with the presented
data. A total disk mass estimate requires either direct gas mass measurements (e.g.,
13CO, C18O, Panic´ et al. 2008) or assumptions on the gas-to-dust ratio. Since the former
is only available for a few disks, most authors assume a typical gas-to-dust ratio of 100.
We adopt this value for meaningful comparisons with previous studies, but are aware
that such an assumption may not be true in many cases, as the gas-to-dust ratio is likely
to change with time and from one source to another (Thi et al. 2010, 2014) . Regardless
of this, our results show that Herschel data can be used to constrain the mass of dust in
transitional disks within ∼ one order of magnitude, which is a tremendous improvement
with respect to MIR photometry only and opens the exciting possibility of studying
this parameter for the large number of sources observed with Herschel. As expected and
illustrated by the case of CS Cha, the longest wavelengths (SPIRE 500) are the most
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Figure 5.7: Cornerplot for T25. Scheme and colors as in Fig. 5.5.
important ones to constrain the mass. As such, SPIRE photometry will play a key role
in future statistical studies of disk masses, and whenever a disk mass is needed for our
analysis we shall concentrate our efforts on objects detected at these wavelengths.
The inner radii of the disks are also significantly better constrained with Herschel data,
decreasing previous uncertainties by a factor of two. This improvement likely arises from
PACS data, which probes the material in the mid-plane of the inner disk. It should be
mentioned that using unbinned IRS spectra could also provide even better estimates for
these values.Nevertheless, it is clear that at least some information about this structure
is contained in Herschel data.
To test the validity of our results, we compare the obtained values with previous estimates
in the literature. There are three main studies which can be used for this purpose, Kim
et al. (2009), Espaillat et al. (2011), and Rodgers-Lee et al. (2014). Kim et al. (2009)
presented detailed modeling of the IRS spectra of transitional disks in Chamaeleon I with
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an analytic model including emission from the optically thin disk and wall, plus emission
from the outer disk treated as a blackbody. In Espaillat et al. (2011), the authors used
a more complex irradiated disk model (D’Alessio et al. 2006) including shadowing of
the outer disk by the inner disk (Espaillat et al. 2010) to analyze variability in the
IRS spectra of several transitional disks. Finally, Rodgers-Lee et al. (2014) performed
a multiwavelength study of Chamaeleon I including Herschel data from Winston et al.
(2012), and analyzed transitional disks in the region with a physical disk model (Beckwith
et al. 1990).
− Regarding disk masses, values from two different methods are available for all
the targets: via mm data (Kim et al. 2009; Rodgers-Lee et al. 2014) and via the
accretion-to-viscosity ratio (Espaillat et al. 2011) following D’Alessio et al. (1998).
Our results are generally in very good agreement with all these previous values,
and match within a factor of two for all cases except for the mass value of CS Cha
in Espaillat et al. (2011), and T25 from Kim et al. (2009). In the former case,
a value of 0.3M is quoted, more than one order of magnitude larger than our
estimated median value (0.015M) but within the 95 % confidence interval range.
Therefore, the two results are consistent within uncertainties. Additionally, the
value in Espaillat et al. (2011) depends on the disk viscosity, which is usually
largely uncertain and could account for this difference. In the case of T25, Kim
et al. (2009) estimate a 0.007M disk mass via 1.3 mm fluxes from Henning et al.
(1993), but used a characteristic disk temperature of 50 K. Our study yields a
disk mass for T25 of 0.002M, with their value lying just at the border of the
corresponding confidence interval. As discussed in Rodgers-Lee et al. (2014), the
50 K value assumed in Kim et al. (2009) may be unrealistically high, explaining
the discrepancy. Interestingly, Rodgers-Lee et al. (2014) found that Herschel data
within the 160-500µm range can be used to estimate disk masses within a factor of
3 without the need of detailed modeling. Our results do not support this statement:
despite the complete agreement of their mass values with our own, the obtained
posterior distributions show mass uncertainties of 1 order of magnitude, even when
using full SEDs and detailed disk modeling. This different result possibly arises
when considering the additional uncertainties produced by several other parameters
such as the disk structure and composition, an effect that MCMC calculations
include naturally.
− Disk inner radii estimates are available both in Kim et al. (2009) and Espaillat et al.
(2011). Our results using MIR data only are in general good agreement with their
values, with the discrepancy of CS Cha. These two works estimated its inner disk
radii to be 41 and 38 AU, respectively, while we obtain 19+16−7 AUs with similar data
(i.e., excluding Herschel). Their results fall outside the 95 % confidence intervals
derived in this study. Two different effects can explain this apparent discrepancy.
First, there is no uncertainty estimation in the quoted studies: if we assume their
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results to have similar uncertainties to ours, the resulting distributions would
overlap significantly and yield consistent values. Additionally, these two works
included more complex dust compositions, which can modify the grain emissivity
and therefore change the location of the inner radius. We also note that Kim et al.
(2009) estimated a 29 AU gap for T25, although the improved measurement of
18 AU in Espaillat et al. (2011) is completely consistent with ours.
The mass ranges of these transitional disks are similar to those of Class II disks in
other star-forming regions (e.g., Ophiuchus, Taurus, Andrews et al. 2010, 2013), a result
already found by Andrews et al. (2011) for 12 transitional disks observed with sub-mm
interferometry. This is somehow intriguing: if transitional disks are an evolved stage
of protoplanetary disks, then we would expect them to have significantly lower masses.
In fact, other works found transitional disks to have masses even higher than those
of Class II sources (Najita et al. 2007, 2015). If that is the case, transitional disks
(at least classical ones, those with large holes in their dust distribution) could be the
evolution of high-mass disks which have formed multiple giant planets (explaining their
gaps, Zhu et al. 2011), and not a general evolutionary stage for all protoplanetary disks.
Finally, SZ Cha and CS Cha have disk mass estimates of the same order of magnitude
(0.04M and 0.015M, respectively), whereas T25 has a lower value (0.002M). An
interesting exercise is to compare these values with that of the Minimum Mass Solar
Nebula (MMSN), the minimum mass required to form the Solar System. A typical value
of this quantity is ∼0.02M (Davis 2005; Desch 2007). Both SZ Cha and CS Cha are
above or close to this value, meaning that despite being in a transitional stage, they
still have enough mass to form a significant number of planets (although this does not
guarantee that planet formation will take place in the future). The derived gap sizes are
larger than the typical location of disk snowlines (the distance from the star at which
molecules in gaseous state can form ice around dust particles, making it easier to grow
large bodies), and therefore could already harbor planets in them. Our data are not
enough to identify the origin of these observed trends, but they can host clues to better
understand planet formation and deserve further attention.
5.5.3 Anomalous outer disks
Our results show a general trend for flaring indexes (h) close to ∼ 1, slightly smaller
than those usually found in protoplanetary disks (∼ 1.1-1.3, e.g., Chiang & Goldreich
1997; Olofsson et al. 2013). Additionally, Herschel data suggest strongly negative surface
density profiles, with no peak at -1, as typically assumed and found in protoplanetary
disks (e.g., Andrews et al. 2009). Surprisingly, the obtained values are closer to that of
the estimated for the MMSN (Desch 2007). These two facts point in the same direction:
these targets have a significant amount of excess in the MIR range up to 70-100µm
(already hinted in Cieza et al. 2011; Ribas et al. 2013), but their 250-500µm fluxes are
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lower than those of typical Class II disks. This is obvious when comparing the obtained
SEDs with the median SED of the Chamaeleon I and II regions (see Chapter 4 and
Fig. 4.4): the considered sources have bluer FIR slopes than full disks. The two formerly
mentioned results (steep surface density indexes and flaring indexes values close to one)
have the effect of reducing the flux at longer wavelengths (SPIRE), and increasing it for
shorter wavelengths (20-150µm, IRS, MIPS, and PACS). Low flaring indexes could arise
if significant dust settling towards the mid-plane has already occurred in these disks,
which translates into a smaller disk surface exposed to the stellar radiation specially
in the outer regions of the disk. On the other hand, smaller (more negative) surface
densities imply that more mass is distributed close to the star, leaving a fainter outer
disk which will emit poorly in the FIR regime. Combined, these results suggest that
the modeled transitional disks have anomalous outer disks compared to Class II objects.
The same fact is found for the T Cha transitional disk using Herschel data (Cieza et al.
2011) and in the Lupus region (Bustamante et al. 2015), reinforcing this idea. With the
available data, however, we cannot identify the true origin of this trend: transitional
disks may either have steeper surface density profiles, decreased flaring as a result of
dust settling, or a combination of these two results.
We note that this interpretation is based on weak evidences, and should be considered
with caution. First, the posterior functions of these parameters are broad and do not
discard typical values, but simply make them less probable. Therefore, the indication
of this phenomenon does not arise from individual sources, but from the fact that all
sources show this same marginal behavior. Also, we have not used a tapered-disk profile
(e.g., Lynden-Bell & Pringle 1974; Hartmann et al. 1998): this modified surface density
profile includes less material in the outer regions of the disk, and may partially explain
the steep SED slope. However, several Class II sources have been usually been modeled
with this profile finding canonical values, and therefore this is unlikely to completely
solve the discrepancy. On the other hand, the exposed wall of the disk can be significantly
heated, resulting in puffed-up structures (e.g., Dullemond et al. 2001). If this is the
case, these structures can cast shadows in the disk behind, altering their SED. Given
that MCFOST does not perform hydrodynamic calculations, this effect is not included
in our modeling and its influence is left for future studies. In turn, these inferences of
the disk structure from SEDs including Herschel data are promising since they hint
at interesting physical differences between transitional and protoplanetary disks, but
the results are yet inconclusive. Further evidence for flattened disks can be gained by
combining accretion and [OI] measurements. Keane et al. (2014) studied Herschel [OI]
data for 26 transitional disks, finding that either they have smaller gas-to-dust ratios
compared to Class II disks, or smaller flaring indexes. If accretion is ongoing in these
systems, it would imply that a significant amount of gas is still present in these disks,
favoring the explanation of flatter disks. We will perform this study in the future to
better understand the origin of the apparently anomalous outer regions in transitional
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disks. ALMA observations of these targets can reveal their real gas content and probe
their structure, shedding light on this open issue.
5.6 Conclusions
In this work, we have used Herschel photometry of transitional disks in the Chamaeleon I
star-forming region to perform detailed MCMC modeling of their SEDs and study the
impact of Herschel data in the obtained results. We find that Herschel photometry,
specially from the SPIRE instrument, can be used to constrain the dust mass in disks
within one order of magnitude, as shown by the obtained posterior distributions. Herschel
data can also help narrowing down the location of the inner radius of the disk. Our
results are in good agreement with previous studies.
For the subset of objects for which modeling is already available (SZ Cha, CS Cha, T25),
we find disk masses comparable to those of Class II sources in other star-forming regions.
Because transitional disks are likely to represent a more evolved stage of disk evolution,
the fact that they do not have significantly lower masses could suggest that the typical
transitional disk class (i.e., disks with large gaps in their dust distributions) are the
evolutionary outcome of massive Class II sources, with enough mass to form several
giant planets which may have cleaned their inner regions. Additionally, we find evidence
for bluer FIR slopes in transitional disks than those of Class II sources, hinting that
they may have undergone some dust settling or have stepper surface density profiles
than protoplanetary disks. However, this result is tentative and requires further analysis.
A larger sample of transitional disks, combined with [OI] and accretion measurements
as well as resolved images of these targets could help solving this issue and shed light
on the origin of transitional disks and their real connection with planets.
5.7 Appendix: on the discrepancies in photometry of Her-
schel maps
As formerly mentioned, Rodgers-Lee et al. (2014) found the fluxes of the six transitional
disks studied in Ribas et al. (2013) to be ∼ 20 % higher than those in Winston et al.
(2012). In that latter study, photometry was obtained using the getsources algorithm
(Men’shchikov et al. 2012). This software is specially designed to deal with source
extraction in highly structured background or crowded fields. In contrast, in Ribas
et al. (2013) we used a simpler approach by performing aperture photometry. Here, we
extend the discussion on the adopted methodology to extract Herschel fluxes and on
the possible origin of the observed discrepancies.
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5.7.1 PACS photometry
We used aperture photometry to obtain photometry in the PACS maps. Although this
procedure is unreliable with strong, structured background emission, it should produce
reliable results for isolated sources. There is almost no background emission at the PACS
wavelengths in the case of the Chamaeleon I region (see thumbnails in Fig. 4.1), and
all the transitional disks in the sample display clean isolated PSFs. Therefore aperture
photometry should be suitable for these objects.
The Chamaeleon I maps were obtained with medium or fast scan speeds, and are a
combination scan and cross-scan observations. The PSF resulting from this process
is elongated in the two scan directions, and displays a cross-like shape. To properly
estimate optimal aperture radii, we build growth curves of our targets by performing
aperture photometry with increasing radii. We then applied the corresponding aperture
corrections (Balog et al. 2014)1. The resulting curves for SZ Cha are shown in Fig. 5.8.
After this process, we decided to use aperture radii to 15 ′′, 15 ′′, 22 ′′, for PACS 70,
100, and 160 bands, respectively, as we found aperture photometry to stabilize at these
values. The background was estimated in an annulus with inner and outer radii of
25 ′′and 35 ′′. We note that the aperture corrections used were computed for optimum
PSF observations, and hence may underestimate in a few percent the true correction
values for distorted PSFs as in this case. More precise corrections could be achieved by
re-processing calibration observations in a similar manner to the Chamaeleon I maps
and deriving empirical aperture corrections, but this requires a significant amount of
work and is beyond the scope of this paper. Because the emission of transitional disks
peaks at PACS wavelengths, their SEDs are mainly flat in this wavelength regime and
we prefer not to apply color corrections, which in any case are only of a few percent.
To account for uncertainties in the aperture and color corrections, calibration and
background estimation, we assigned a 20 % uncertainty to the measured PACS values.
5.7.2 SPIRE photometry
SPIRE maps are significantly more complex than PACS observations, due to the con-
spicuous background emission arising from the molecular cloud (see Fig. 4.1). In this
case, we prefer to use the destriper algorithm within HIPE, combined with timeline
fitting, which is currently the recommended procedure for SPIRE point source photom-
etry (Pearson et al. 2014). This procedure fits sources in the timeline directly, and does
not suffer from uncertainties in the map projection process. It also does not require any
aperture correction. SPIRE bands trace the Rayleight-Jeans part of the disk emission,
and we applied the color correction factors corresponding to blackbody emission (0.945,
1A full description of PACS PSFs can be found at
http://herschel.esac.esa.int/twiki/pub/Public/PacsCalibrationWeb/bolopsf 20.pdf
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Figure 5.8: Growth curves for SZ Cha obtained with aperture photometry at the three PACS
bands. Raw curves are shown as black dashed lines, aperture corrected curves as solid black lines.
We decided to use aperture radii of 15 ′′, 15 ′′, and 22 ′′for the 3 bands, respectively (vertical red
solid lines).
0.948, 0.943 for SPIRE 250, 350, and 500 bands, respectively, as quoted in the SPIRE
Handbook Version 2.5). We chose the standard values for the timeline fit, and note
here that different background parameters may yield different results depending on the
real background emission. However, this issue is beyond the scope of this paper and
we do not investigate it in more detail. Nevertheless, the obtained fluxes show a very
good match with PACS photometric values. Given the mentioned dependency with the
background estimate, we use a conservative 20 % uncertainty at SPIRE bands.
5.7.3 Possible origin of the flux discrepancies between Winston et al.
(2012) and Ribas et al. (2013)
We find that our results are 15-25,% higher than those in Winston et al. (2012), but in
general agreement with those in Ribas et al. (2013) despite the different map-making
algorithm used in this latter case (jscanam, instead of Scanamorphos used in Ribas
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et al. 2013). That is also found for SPIRE values, which were obtained using also a
different procedure (timeline fitting in this work versus previous aperture photometry).
The systematic higher fluxes in Ribas et al. (2013) with respect to Winston et al. (2012),
suggest that the different map-making algorithms and photometry methods may be the
key to explain this differences. Given the overall good agreement of the results of this
paper with those in Ribas et al. (2013), we prefer to maintain them instead of using the
values in Winston et al. (2012).
Part III
Discussion and conclusions
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General discussion
Although the works in this thesis have been discussed individually already, here we
provide a more general view of our findings and their connection with the current state
of the field.
6.1 Disk evolution
Previous works have already found a characteristic disk lifetime of ∼3 Myr (Haisch
et al. 2001b; Herna´ndez et al. 2007b, 2008; Mamajek 2009, see also Chapter 1 and the
discussion in Chapters 2 and 3) by analyzing disk fractions as probed by near-infrared
(NIR) and/or mid-infrared (MIR) excesses in associations with different ages. These
results have a great value for constraining the planet formation phase (especially for
giant planets), but in many cases their samples came from heterogeneous catalogs which
could suffer from different biases. The work presented in Chapter 2 and revisited in
Chapter 3 mitigated these effects by using a large, homogeneous database and taking
into account all possible biases. The extremely reduced contamination of this sample,
its size, and the homogeneous treatment of all the objects is new to the literature,
confirms these previous findings, and provides the most recent and complete study of
disk evolution so far (Ribas et al. 2014).
We also find hints of NIR excesses disappearing slightly faster than MIR ones (with
characteristic dissipation times of 2.7±0.7 against 3.3±0.6 or 4.4±0.5 depending on the
wavelength, as updated in Table. 3.5 and in Ribas et al. 2015). We speculate that this is
an indication that the disk dispersal mechanism acts from inside out: by removing the
hot dust in the inner regions first, the NIR fluxes will decrease earlier/faster than MIR
ones. When placed in the current paradigm of disk evolution, these results are consistent
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with photoevaporation being the main mechanism driving disk dispersal, which up to
date is the preferred explanation for this process (Alexander et al. 2014). Although with
a different sample, a similar result was also found in Koepferl et al. (2013) by studying
color-color diagrams of young stellar objects (YSOs). In the case of this effect being a
real signature of disk evolution, it also contains information about the timescales of this
process: the difference in the lifetime of NIR and MIR excess is of the order of 0.5-2 Myr,
suggesting that once disk clearing has started, the process is relatively fast compared
to disk lifetimes. Additional confirmation of this idea comes from the ∼ 10 % incidence
of evolved disks found at all ages, which combined with their ∼ 10 Myr overall lifetime
suggests a 1 Myr timescale for disk dispersal.
The large size of the compiled database (∼2 300 objects versus typical samples of a few
hundred sources) allowed us to obtain the most statistically robust evidence so far of
different disk evolution timescales around T Tauri (M< 2 M) and Herbig Ae/Be stars
(more massive objects). Previous studies had already found hints of a faster disk dispersal
around high-mass stars, both in individual regions (e.g., IC348, Upper Sco, Lada et al.
2006; Carpenter et al. 2006, respectively) and in larger studies (Kennedy & Kenyon
2009). However, in most of these works the evidence for this trend was not statistically
conclusive: for individual regions, the number of YSOs is significantly smaller than the
size of the database presented in this thesis, and analyzing different stellar mass regimes
requires that the initial sample is split in two or more groups. As a result, the statistical
uncertainties increase importantly, specially in the high-mass regime given the shape
of the initial mass function (IMF). On the other hand, the more complete analysis by
Kennedy & Kenyon (2009) compiled data for nine star-forming regions and used both IR
excesses and accretion signatures to look for this effect. By combining all these regions,
they identified a different evolution of disks around solar and intermediate-mass stars,
and a less clear dependence between low-mass and solar-mass stars. The results of our
research (Chapter 3 and Ribas et al. 2015) are totally consistent with their findings.
Combined, these two works build an important evidence for such a dependence, which
should be carefully considered in planet formation models.
One of the most interesting implications of this latter trend may be its possible relation
with the paucity of hot Jupiters found around massive stars (M> 1.5 M, see Fig. 3.6). As
discussed in Chapter 3, if disks disappear earlier around high-mass stars, the mechanism
causing the migration of giant planets may stop acting earlier in these sources and
therefore the number of hot Jupiters could be smaller than in low-mass systems. It
should be noted that other mechanisms could also explain this trend: it is possible that
a population of these hot Jupiters exists around massive stars, but are engulfed during
the post-main sequence phase of the star due to strong tidal interactions (Villaver &
Livio 2009; Villaver et al. 2014). Even more, the mentioned scarcity of hot Jupiters may
simply an observational effect produced by the shorter lifetimes of high-mass stars (i.e.,
only a few planets around massive stellar hosts are known). Other works have suggested
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that this trend is real (e.g., Johnson et al. 2007). It is clear that more data and further
investigation is required to better understand the underlying origin of this effect, which
could be tightly connected with the properties of the parental protoplanetary disks.
Additional to the statistical study of the global properties of disks, we also performed
detailed analysis of the most promising class of disk in the context of planet formation:
transitional disks. In the course of our research on the large sample of disks, we had the
opportunity to analyze Herschel data of transitional disks in Chamaeleon I star-forming
region.
6.2 Transitional disks in Chamaeleon with Herschel
Herschel has been used in many works to study YSOs in several star-forming regions, and
a large number of detailed programs focused on disks around stars (e.g., GASPS, DIGIT).
Most of them have taken advantage of the Herschel spectroscopic capabilities, although
some works have also used photometry to study the outer regions of protoplanetary
disks. The far-infrared (FIR) wavelengths of Herschel probe the emission from cold
material in the outer regions and deeper layers of these disks.
The usage of color-color diagrams or slope measurements to identify and classify different
targets is not new to the literature (e.g., Lada 1987; Harvey et al. 2006, to cite a few). In
Ribas et al. (2013), we demonstrate how Herschel data, in particular PACS 70µm fluxes,
can be used to effectively separate Class II sources and transitional disks with significant
changes in their SED slopes. This method has already been successfully applied in the
Lupus region (Bustamante et al. 2015), and even identified a new transitional disk
candidate in Ophiuchus (Rebollido et al. submitted, see Appendix A.4). The large
areas of the sky observed with Herschel host a great potential for discoveries of new
transitional sources in young regions.
One of the intriguing results of this thesis is related to Herschel/PACS fluxes of transi-
tional disks in Chamaeleon I: when compared to SEDs of Class II sources in the region,
we found the six detected transitional disks to have higher 70µm excesses than the
75% percentile of full disks. This feature is also present in other transitional sources,
such as GM Tau, UX Tau or T Cha (see for example Fig. 9 in Williams & Cieza 2011;
Cieza et al. 2011), and we obtained the same result in Bustamante et al. (2015, see
also Appendix A.4) for a sample of transitional disks in Lupus. When studying the
transitional disk around T Cha, Cieza et al. (2011) also found a steep SED slope in the
Herschel regime, as some of the targets in our study (e.g., CS Cha, T25).
Via Bayesian modeling of three transitional disks (SZ Cha, CS Cha, and T25), we found
that Herschel data, in particular SPIRE observations, can be used to constrain the
disk mass within one order of magnitude. The obtained values are in good agreement
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with previous estimates and also with the masses of Class II sources in other regions
(e.g., Taurus, Ophiuchus, Andrews et al. 2009, 2013). As explained in Chapter 5, this
is not completely in line with expectations: transitional disks are supposedly a more
evolved stage of protoplanetary disks, and most of the proposed mechanisms to explain
their existence require some mass loss in the disk, either by accretion onto the star or
by confining the mass in planetesimals and planets. Therefore, one would expect their
masses to be significantly lower when compared with Class II objects. This trend gets
even more confusing when we consider other works which found transitional disks to
have masses even four times larger than Class II disks (e.g. Najita et al. 2007, 2015).
Within our modeled sources, SZ Cha and CS Cha have masses close to or higher than
that of the minimum mass solar nebula (MMSN), meaning that the amount of mass
in them is still enough to form a full Solar System analog. If the observed disk masses
are a fraction of that of their primordial disks, then their initial amount of mass must
have been even higher. All these evidences suggest that typical transitional disks (i.e.,
disks with large holes) are the evolutionary path of initially massive disk which could
have formed multiple giant planets, responsible for the observed gaps (e.g., Zhu et al.
2011). It should be kept in mind, however, that both protoplanetary and transitional
disks display large scatters in their mass distribution, and that detection biases are also
at play. Despite not being able to conclude anything on this matter with the present
data, this is an extremely interesting topic and should be further investigated.
Our modeling efforts also provided indications that the outer regions of transitional
disks may be different from those of Class II sources. Their bluer FIR slope with respect
to protoplanetary disks in the region are better fitted with small flaring indexes and
steep surface density profiles. Physically, these scenarios mean that transitional disks
have most of their mass piled-up at intermediate regions, or they have undergone some
dust settling towards their mid-plane, or maybe both. As formerly mentioned, Cieza
et al. (2011) found a similar result for the T Cha transitional disk, proposing two
interpretations for this case: either its disk is very narrow (ring-shaped), or it has an
extremely steep surface density profile. ALMA observations of this target (Hue´lamo
et al. 2015) detected CO(3-2), 13CO(3-2), and CS(7-6) gas molecules, revealed its surface
density exponent to lay between -1 and -3, and that most of its mass lays within 50 AU,
strongly supporting the scenarios found by our SED modeling. Also of interest for
this trend is the comparison of 26 transitional disks with 33 protoplanetary sources
using PACS [OI] 63.18µm spectroscopic measurement, which revealed that transitional
sources have [OI] line fluxes ∼ 2 times fainter than full disks (Keane et al. 2014). Further
modeling of this sample suggested that transitional disks have either lower gas-to-dust
ratios or are flatter than protoplanetary objects. We realize that, although with large
individual uncertainties, our Bayesian modeling found flaring index values close to 1,
smaller than the typical value of 1.1-1.3 for protoplanetary disks (Chiang & Goldreich
1997). Although our results do not allow to go deeper into this matter and it could
be explained by other scenarios, Bayesian comparative analyses of large samples of
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transitional and protoplanetary disks, combined with ALMA observations probing the
disk structures and gas contents, will help revealing the origin of this possible hint of
disk evolution.
The presented modeling shows the real value of combining Herschel data with Markov
Chain Monte Carlo (MCMC) techniques for this type of studies. To show its impact, we
can compare it with the typical approach of computing a complete model grid per target.
Assuming that we distributed 10 different values for each of the seven free parameters
within the proposed prior distributions (which would still yield significantly lower res-
olutions than those obtained with MCMC methods in many cases), that would mean
computing 107 MCFOST models per source (since stellar parameters are mostly different
for each target, a whole grid is required per target). Our chains require approximately
105 models for each source, effectively reducing the total computation time by at least
factor of 100. Assuming a typical duration of an MCFOST run of ∼ 10 minutes, such a
difference becomes a crucial issue. For example, considering the size of the full sample of
disks (∼ 2000 targets), we could model all these objects with MCMC procedures by the
time required to create full grids for only ∼ 20 objects. Moreover, certain configurations
that are naturally excluded by the MCMC method (such as very massive, narrow disks)
would still be required in model grids. Such configurations can take much longer for MC-
FOST to compute (up to some hours), dramatically increasing the total computational
time. Finally, if we were to include additional free parameters (e.g., fitting the inner disk
of pre-transitional targets, the minimum grain size, or more complex structures such
as spiral arms), the required number of models for a grid would increase exponentially
(usually called “curse of dimensionality”), whereas MCMC methods do not suffer from
this issue (although it is important to ensure that we are not overfitting the data). With
such a decrease in computing time and the significant improvement in the disks mass
estimate from Herschel data, it now becomes possible to perform statistical studies of
this crucial parameter using the compiled sample of YSOs and the currently available
data in the Herschel Science Archive.
6.3 The big picture and open questions
One of the main objectives of the study of protoplanetary disks is to connect stellar
formation with the planetary systems at the end of the whole process, and it is reasonable
to expect that the properties of disks may play a major role in the outcome of planet
formation. Therefore, in principle one could do some predictions on what the resulting
planets could be based on the disk characteristics, and also infer some information of
the progenitor disk by analyzing a planetary system.
To explore this possibility, we first review the two mechanisms proposed to explain
planet formation: core accretion (CA) and disk instability (DI). They may well be
142 6.3. The big picture and open questions
responsible for (at least some of) the observed trends in the exoplanet populations, and
are required to draw connections between disks and planets. A more in-depth analysis
of these processes can be found in Helled et al. (2014).
− CA starts by dust growth and aggregation, which end up forming ∼km-sized
bodies called planetesimals. These planetesimals collide oligarchically, forming a
core of mass ∼ M⊕ surrounded by a low-mass gas envelope. By the time the
core is massive enough, it accretes gas from its surroundings, increasing the mass
of its envelope. If the accretion is interrupted in between these two stages, the
outcome of this process would be a rocky planet, maybe hosting an atmosphere
(i.e., covering from Mercury-like to super-Earth planets). If accretion continues,
once the total mass in the protoplanet reaches a crossover point, runaway gas
accretion starts, rapidly increasing the mass of the envelope and forming a giant
planet. CA can take up to 108 yr if it occurs in-situ, much longer than the disk
lifetime. However, when planet migration is invoked, the planet accretes material
from a more extended area of the disk and the process becomes up to 100 times
faster, matching within the . 10 Myr lifetimes of disks. Migration also allows the
planet to incorporate more solid material, enhancing its metallicity. Estimates of
the best location for CA planet formation is between 5-10 AU: beyond the snowline
(where gas can freeze around dust grains, dramatically increasing dust growth) ,
but sufficiently close for the disk density to be high enough to form planetesimals
(although as mentioned, the planet may migrate after forming).
− DI is caused by gravitational instabilities: if the disk’s self-gravity is strong enough,
it produces a collapse of part of the disk, leading to a very fast (∼ 104 yr) formation
of a gas giant planet or a brown dwarf. For this to occur, the disk has to be
significantly massive with respect to the star to meet Toomre’s instability criterion
(Toomre 1964), but the resulting clumps (with masses between 1-10MJ) also need
to be able to cool efficiently (e.g., Rice et al. 2004). These two conditions are
easier satisfied in the outer regions of young massive disks during the embedded
phase (∼ 105yr), when a significant amount of mass is still infalling from the
surrounding envelope. The observed trends of exoplanets suggest that DI is not
the dominant planet forming mechanism, but it could explain peculiar systems
with one or several giant planets with large orbits found via direct imaging (e.g.,
HR 8799, Marois et al. 2008).
Once the planet is formed, migration caused by planet-disk interactions can substantially
change the planet location. Initially, the planet interchanges angular momentum with
the surrounding disk but is not massive enough to open a gap in it (Type-I migration).
As the mass of the planet increases to ∼ 0.1−0.2MJ , so does its gravitational influence,
and a gap develops in the density distribution of the disk. When this occurs, the planet
gets tidally locked to the gap. If the disk is massive enough, material will keep on
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entering the gap and the planet will move inwards (Type-II migration), otherwise it
will stay at its current location, preventing the replenishment of the inner disk: it is
accreted onto the star and a cavity opens in the disk. Both migration mechanisms act
on timescales of ∼ 105 yr. For intermediate mass planets, a particular case of Type-II
runaway migration (called Type-III) could also occur, pushing the planet inwards on
timescales of 104 yr. All these processes could significantly alter the architecture of the
planetary system (via scattering events). Recent reviews on planetary migration can be
found in Lubow & Ida (2010) and Baruteau et al. (2014).
Regarding disks, their mass is a crucial parameter in planet formation. Apart from the
disk lifetime dependence with stellar mass (Kennedy & Kenyon 2009; Ribas et al. 2015,
see also Chapter 3), the disk mass is known to scale with that of their host star roughly
linearly, following a power-law Mdisk ∝M1−1.5∗ (Andrews et al. 2013). In relative terms,
the typical disk-to-star mass ratio is ∼0.2-0.6 %. Also, as described in Chapter 5, there
are indications that several transitional disks are at least as massive as Class II objects
(Najita et al. 2007; Andrews et al. 2009, 2013; Najita et al. 2015). If that is the case,
transitional disks may be the evolutionary path of the most massive disks only.
With all these pieces of information, we can try to create some speculative connections
between protoplanetary disks and some of the observed statistical properties of exoplan-
ets (see the review by Howard 2013, for a detailed description of observed properties of
exoplanets).
− At least 50 % of stars have one or more planets with periods P < 100 days (Howard
2013), corresponding to ∼ 0.5 AU orbits for solar-mass stars. The total fraction of
stars with planets may be even higher if we consider the difficulties in detecting
planets at larger distances. In turn, this shows that planet formation is a very
efficient mechanism: at least 50 % of protoplanetary disks meet the conditions to
form planets at some point of their lives.
− In contrast, only ∼ 10 % of FG-type stars harbor one or multiple giant planets
(0.3-10MJ) with periods within 2-2000 days (i.e. 0.03-3 AU) (Udry et al. 2003;
Marcy et al. 2005). Statistical extrapolations suggest that 17-20 % stars host giant
planets with semi-major axis (a) smaller than 20 AU. Combined with the previous
point, at least 30 % of planetary systems host no gas giant. In these cases, it is
unlikely that the lack of giant planets is caused by a combination of migration
and planet engulfment by the star: the migration of a giant planet into its host
star would probably destabilize the whole planetary system via planet-planet
interactions (e.g., scattering, unstable orbits). If we combine this premise with
the assumption that all transitional disks with large holes are produced by the
clearing effect of giant planets (something far from being confirmed yet), then we
find that a non-negligible 30 % of protoplanetary disks (those which form telluric
planets only) would not undergo a transitional disk phase. This is also in line
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with our previous discussion regarding the possible differences in the evolution of
protoplanetary disks: massive disks could easily form massive planets and develop
large cavities, whereas less massive disks may never enter such a phase and evolve
via other mechanisms.
− Regarding hot Jupiters, only 1 % of Solar-type stars harbor one (Wright et al.
2012), and they are even rarer around more massive (> 1.5M) stars (Johnson
et al. 2011). These fractions tell us that significant planet migration is either very
efficient or extremely uncommon: combined with the previous point, we find that
only 5-10 % of giant planets turn into hot Jupiters. Maybe planet migration acts
so quickly that most migrating giant planets end up their lives falling into their
host star, or simply most of them do not migrate for long distances. The available
data so far do not allow us to discriminate between these two scenarios.
− Disks with large masses (hence, around massive stars) can form giant planets easier
than lower-mass disks. However, they also evolve faster, leaving less time for this
process to take place. Therefore, a competition exists between these two factors
if we consider planet formation to occur by CA. Nevertheless, very massive disks
could also undergo DI, which requires timescales of ∼ 104 Myr well below the disk
lifetimes derived in Ribas et al. (2015) for disks around massive stars. If DI occurs
in these cases, a significant population of massive planets and brown dwarfs could
be found orbiting massive stars at large distances. More direct imaging surveys
may reveal this trend in the future.
− 23 % of the stars identified by Kepler as planet host candidates are found to be
multiple systems (Burke et al. 2013). As discussed in Sect. 1.3 and Chapter 3,
multiplicity can account for the early dispersal of disks in several cases. Even
in very young regions (1 Myr), the fraction of protoplanetary disks is not 100 %
(Kraus et al. 2012; Ribas et al. 2014), possibly due to this effect. The non-zero
fraction of planets in multiple systems implies that, in several cases and despite
possible unstable disk configurations in multiple systems, protoplanetary disks
around binary stars (such as CS Cha) are capable of forming planets too.
− Finally, stars with high metallicities have higher probabilities of hosting a giant
planet at a < 5 AU (Santos et al. 2004; Fischer & Valenti 2005), as expected if
the dominant planet formation mechanism is core accretion. Smaller planets show
no apparent trend with metallicity.
These are just some of the hints that are found with the data available so far. Several
of them (maybe all) will be solved in the coming years thanks to new telescopes and
instruments (e.g., ALMA, Sphere and GPI, Espresso, JWST), which will reveal all these
processes in more detail. But regardless of the arriving of new generation observing
facilities, evidence so far suggests that planet formation and the final architecture of
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planetary systems are strongly dependent on a large number of factors, from the disk
properties to different migration processes. In many cases, there are large dispersions
observed in these factors, and their evolution may be disconnected in time by stochastic
processes (e.g., the memory of the initial disk properties could be lost after giant planet
migration), making it difficult to connect all the pieces of the puzzle. In turn, this
could mean that a general and unambiguous connection of all these phenomena, i.e.,
forecasting planetary systems based on our understanding of protoplanetary disks, may
simply not be feasible. Instead, it may require individual studies of the systems at each
key evolutionary stage to make correct, meaningful predictions.
Despite these limitations, we note that a possible direct connection between disks and
planets has been found in this thesis, i.e., the lack of hot Jupiters around massive stars
may be caused by the faster evolution of their disks. This achievement was only possible
thanks to the large sample of YSOs used in this study, and reveals that at least in some
cases, planetary systems may still maintain information about their primordial disk. It
could be that such a connection is only feasible for massive stars, for which evolutionary
timescales are short and only a few mechanisms have enough time to come into play.
Or maybe a deeper understanding of these processes can be reached by combining large
samples with more detailed modeling to reveal more subtle differences in disk masses,
inner radii and structures. Complemented with Herschel data and spatially resolved
information, the sample and methodologies presented here will be used to effectively
model a large number of protoplanetary and transitional disks, which could ultimately
lead to the finding of additional trends and help building connections between the
properties of disks and the population of planets in our Galaxy.
7
Conclusions and future
work
7.1 Conclusions
In this section, we summarize the main results and conclusions achieved during the
course this thesis.
7.1.1 Disk evolution
− We built a large database of YSOs in nearby (< 500 pc), young (< 100 Myr) star-
forming regions and associations, comprising more than 2 300 sources selected from
different stellar population studies. All objects in the sample have a spectroscopic
estimation of their spectral type, which dramatically reduces the contamination
by background red giant stars and extragalactic sources. We then cross-matched
the dataset with several photometric catalogs from near-ultraviolet to MIR wave-
lengths, including up to 35 photometric filters. We estimated extinction values in
parallel with visual inspection of the SEDs, discarding problematic measurements
(e.g., affected by saturation or contamination by close sources). Stellar luminosities
were computed by integrating the corresponding stellar spectra. By using evolu-
tionary tracks and region ages, we also estimated stellar masses for each object in
the sample. The resulting database is a very powerful tool that can be exploited
for several purposes, and will be made available for the scientific community in
the future.
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− We performed a carefully study of disk evolution using the compiled sample and
paid special attention to different biases, minimizing their effect in our study.
We then derived disk fractions as a function of age and wavelength. We found
characteristic disk lifetimes of 2.5-4 Myr depending on the IR wavelength used,
in complete agreement with previous studies. We estimated a roughly constant
value of ∼ 10 % of disks with signatures of evolution (transitional and debris disks)
at all ages. We also found tentative evidences of protoplanetary disk dissipation
occurring from inside out, and of this process being fast (∼ 0.5-1 Myr) compared
to total disk lifetimes (∼ 10 Myr). These results were presented in Ribas et al.
(2014), and improved in Ribas et al. (2015).
− We obtained statistically robust evidence of a dependence of disk evolution with
stellar mass. We found that 65 % T Tauri stars (M<2 M) host protoplanetary
disks at ages 1-3 Myr, and this value decreases to 10-20 % for older sources (3-
11 Myr). In contrast, only 40 % of Herbig Ae/Be stars have protoplanetary disks
between 1-3 Myr, while its number decreases to 0 between 3 and 11 Myr. Combined
with previous studies, these results suggest that protoplanetary disks evolve simi-
larly regardless of the mass of their stellar host during the first Myr of their lives,
and a significant deviation occurs for low/high-mass stars at older ages (Ribas
et al. 2015).
− We found a roughly constant fraction of evolved disks at all ages (1-11 Myr) both
for T Tauri (5-15 %) and Herbig Ae/Be (20-30 %) star. The higher fraction of
evolved disks around massive stars could be produced by complex dependencies
between the disk region probed at a certain wavelength and the stellar mass, and
should be considered with caution (Ribas et al. 2015).
− The dependence of disk evolution with stellar mass can play an important role in
planetary system architectures. The shorter lifetime of disks around massive stars
reduces the available time to form planets, which may be specially relevant for
gas giants. Also, the fast disappearance of the disk around massive stars removes
the main mechanism causing planet migration. Interestingly, there is an observed
scarcity of hot Jupiters around stars with masses M > 1.5 M. Although it is too
early to claim any connection of this trend with dependence of the disk lifetime
with stellar mass, it may account for at least part of the hot Jupiter desert around
high-mass stars (Ribas et al. 2015)
7.1.2 Transitional disks with Herschel
− We have explored the population of YSOs in the Chamaeleon I and II regions using
Herschel data. We obtained photometry of known YSOs and analyzed formerly
known transitional disk in these clouds. We showed that 70µm fluxes combined
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with MIR data are a powerful tool to separate transitional targets with clear gaps
in their SEDs from Class II disks, specially in the absence of data at wavelengths
longer than 10µm (e.g., from the IRS and MIPS instruments). This procedure has
already been applied to the Lupus star-forming region (Bustamante et al. 2015),
and identified a new transitional disk candidate in Ophiuchus (Rebollido et a.,
submitted).
− When compared with the obtained SEDs for Class II objects in the region, all
transitional disks have 70µm excesses above the third quartile. This feature may
be the result of mass confinement at intermediate radii in transitional disks, and
suggests that their outer disks contribute less to their SED than those of Class II
objects (Ribas et al. 2013). These results are also consistent with previous studies,
but further data are required to completely understand this finding.
− We used MCMC methods to perform Bayesian modeling of three transitional disks
in Chamaeleon I and study the impact of Herschel data in parameter estimation.
This methodology reduces the computing time required for disk modeling by at
least a factor of 100 when compared with usual fitting procedures, and has a great
potential for future studies of large samples. The MCMC analysis shows that both
the estimates of mass of dust in the disk and the location of the inner radius are
significantly improved when including Herschel data up to 500µm.
− We found transitional disk masses to be comparable to those of typical Class II
sources, a result which could imply that the progenitor disks of transitional objects
are the massive Class II disks, and not all protoplanetary disks evolve into disks
with large holes.
− Our modeling results also showed tentative indications of the outer regions of tran-
sitional disks being different from those of typical protoplanetary disks, either by
being flatter or having steeper surface density profiles. Nevertheless, the obtained
posterior distribution functions are broad and spatially resolved observations are
required to confirm this possible trend.
7.2 Future work
The compiled database of YSOs is an unique tool for statistical research of protoplanetary
disks, providing a firm ground to better comprehend stellar and planetary formation and
how different factors may affect these processes. There is a large number of additional
studies that could be performed using this database, such as analyzing the influence
of strong external radiation fields or disk evolution in loose/compact environments.
Complementing this database with IRS spectra will also allow to statistically study dust
composition and processing in disks, which can also be connected with the chemical
composition of planets.
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Figure 7.1: Slope-slope diagram of the compiled sample of YSOs in this thesis. The two
selected slopes aim at separating objects based on their NIR and MIR SEDs. Most sources
concentrate around two locations in this diagram: diskless stars and full disks. Red squares and
blue triangles show the location of transitional and anemic disks, respectively, based on their
typical slope values. Additionally, we have included several formerly known transitional disks
(yellow stars) from the samples in Espaillat et al. (2014) and Manara et al. (2014).
A particularly interesting usage of this database would be a statistical study of the
properties of transitional disks. By means of a simple slope-slope diagram, we can
separate different targets in our sample and identify known and/or unknown transitional
disks in it (see Fig. 7.1). By combining our dataset with those in Espaillat et al. (2014)
and Manara et al. (2014), we find ∼ 100 transitional disks, and other ∼ 50 anemic disks.
We are compiling IRS spectra for all these targets, and working on Bayesian analysis
of these sources using a physical disk model. With the available data and proposed
approach, we expect to identify possible relations between the location of the inner
radius and stellar host properties. This research will also allow to study the distribution
of gap sizes, compare it with the semi-major axis of known planets, and test it against
predictions from different disk clearing models.
Our Bayesian modeling of transitional disks with Herschel has also revealed that, in
the presence of SPIRE data, it is possible to derive disk masses within one order of
magnitude. Herschel has probed large portions of the sky, and a significant number of
objects in the sample are included in those areas. Complementing our database with
these data and MCMC methods will not only cover the FIR regime of the corresponding
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SEDs, but also yield disk mass estimates for hundreds of targets, allowing to statistically
study disk masses for an unprecedented number of objects.
Finally, the most promising pathway to exploit this sample is, without any doubt, future
ALMA follow-up observations. Several transitional targets shown in Fig. 7.1 may be
new to the literature, and ALMA has the exciting potential to resolve gaps and holes in
them, confirming their transitional nature. Its data would also complement the obtained
SEDs by probing their gas content, dust radial distribution and settling, or azimuthal
asymmetries possibly related with the presence of planetary embryos and newborn
planets. A large, unbiased sample of protoplanetary disks observed by ALMA will reveal
disk evolution and planet formation in never-before-seen detail.
A
Other studies
Apart from the main research topics of this thesis, during my PhD I was able to join
and participate in other related studies. In the following sections I provide a summary
of some of these works closely connected to the subject of this thesis, and my personal
contributions to these studies.
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A.1 YSOs in the Chamaeleon II molecular cloud as probed
by Herschel
The Herschel Gould Belt Survey in Chamaeleon II:
Properties of cold dust in disks around young stellar objects
L. Spezzi, N.L.J. Cox, T. Prusti, B. Mer´ın, A´. Ribas, C. Alves de Oliveira, E. Winston,
A´. Ko´spa´l, P. Royer, R. Vavrek, Ph. Andre´, G.L. Pilbratt, L. Testi, E. Bressert, L.
Ricci, A. Men’shchikov, V. Ko¨nyves
Published in A&A. Received 11 March 2013; Accepted 17 May 2013
In this work, we analyzed the population of YSOs in the the Chamaeleon II star-
forming region using Herschel observations of the Gould Belt Survey (Andre´ et al.
2010). Chamaeleon II is a young (2-4 Myr Spezzi et al. 2008) low-mass star-forming
region located in the Chamaeleon-Musca complex at ∼ 180 pc (Whittet et al. 1997),
with a population of 63 YSOs (e.g., Schwartz 1977; Gauvin & Strom 1992; Barrado y
Navascue´s & Jayawardhana 2004; Alcala´ et al. 2008; Spezzi et al. 2008).
After processing the data and performing photometry on them using the getsources
algorithm (Men’shchikov et al. 2012), we detected 29 sources from the known sample of
YSOs in Chamaeleon II. The obtained data were used to explore different color-color
diagrams with Herschel, and propose a locus with these data which can be used to
effectively identify and separate YSOs from extragalactic sources (see Fig.A.1). After
this process, we complemented Herschel photometry with fluxes from other studies and
catalogs, producing complete SEDs from 0.5 to 500/1300µm. Combined with stellar
parameters from Alcala´ et al. (2008); Spezzi et al. (2008), we then created a grid
of models with the RADMC code (Dullemond & Dominik 2004b) and compared the
compiled SEDs with it. Our results show that the inner disk radii and masses are
comparable to previous estimates in Alcala´ et al. (2008), while the characteristic radius
of the surface density profile is 50 % larger than those derived in this study, probably
due to better SED sampling when including Herschel data. The inclination angle is
poorly constrained in all cases, as expected for SED modeling alone (e.g., D’Alessio et al.
1999; Alcala´ et al. 2008).
I contributed to this work by processing and producing the Herschel maps used to
derive the photometry of the sample of YSOs.
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Figure A.1: PACS/SPIRE color-color diagrams for the YSOs in the study. Colors are defined
as the logarithm of the ratio between Herschel fluxes at different wavelengths. Black filled circles
show detected YSOs in Chamaeleon II (this study), magenta diamonds for Chamaeleon I sources
(Winston et al. 2012), blue triangles for objects in Serpens (Bressert, private communication).
Open squares and circles represent extragalactic sources (Corbelli et al. 2012; Dale et al. 2012).
Dashed red regions are the proposed locus for YSOs. The green areas correspond to photospheric
colors, and the green arrow is the reddening vector for AV =100. The large, black squares (solid
and dashed) are the predicted loci of galaxies and quasars in the Herschel -ATLAS and Herschel -
HerMES surveys, respectively. In the left panel, the blue arrow is the color range of low mass
stars in Harvey et al. (2012), and the gray area is the protostar locus predicted in Ali et al.
(2010). Figure from Spezzi et al. (2008).
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A.2 The filamentary structure of the Chamaeleon dark
clouds
Herschel ’s view of the large-scale structure in the Chamaeleon
dark clouds
C. Alves de Oliveira, N. Schneider, B. Mer´ın, T. Prusti, A´. Ribas, N. L. J. Cox, R.
Vavrek, V. Ko¨nyves, D. Arzoumanian, E. Puga, G. L. Pilbratt, A´. Ko´spa´l, Ph. Andre´,
P. Didelon, A. Men’shchikov, P. Royer, C. Waelkens, S. Bontemps, E. Winston, L.
Spezzi
Published in A&A. Received 24 January, 2014; Accepted 23 April, 2014
In this paper, we study the characteristics of the filamentary structure of the Chamaeleon
complex. This region comprises the Chamaeleon I, II, and III molecular clouds (to-
gether with the Musca region, Cox et al. in prep), which show very different scenarios:
Chamaeleon I (∼ 2 Myr) is an active star-forming region with a population of more
than 200 YSOs (e.g., Luhman et al. 2008a; Winston et al. 2012), a smaller population
of YSOs (∼ 60, Alcala´ et al. 2008; Spezzi et al. 2008) is found Chamaeleon II (∼ 4 Myr),
whereas no YSO has been identified in Chamaeleon III. We used Herschel data of the
Gould Belt Survey (Andre´ et al. 2010) to analyze the dust emission arising from the
filaments in these regions, aiming at understanding the origin of the diverse conditions
in these clouds.
The Herschel observations were used to derive temperature maps by projecting them on
a common grid. We then fit each individual pixel with a modified blackbody to estimate
its temperature. Assuming the opacity law used in other Gould Belt related studies
(e.g., Ko¨nyves et al. 2010), we also estimated column density maps of the three regions.
We found Chamaeleon I to be clearly dominated by a main ridge, with surrounding
faint and cold (11-13 K) striations (small, less dense filaments). Chamaeleon II shows
a more fragmented behavior, and comprises several cold (11-14 K) clumps. In contrast,
Chamaeleon III displays the most obvious filamentary structure, with several of these
across the whole region (Fig. A.2). We also used the DisPerSe algorithm (Sousbie 2011)
to trace the filamentary structure of the clouds, and computed filamentary masses per
unit length and characteristic filamentary widths. Interestingly, the characteristic width
of 0.110-0.125 AU is very similar to the values derived by Arzoumanian et al. (2011)
158 A.2. The filamentary structure of the Chamaeleon dark clouds
in IC 5146, which could suggest that filaments may have a natural width (related to
hydrostatic equilibrium and thermal turbulence conditions) not very sensitive to the
external environment. Additional studies of other star-forming regions are required to
confirm this last result.
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Figure A.2: Column density (NH2(cm
−2)) (top) and temperature (K) (bottom) maps of
Chamaeleon I, II, and III (from left to right). The black lines trace the filaments detected by
the DisPerSe algorithm (Sousbie 2011). Figure from Alves de Oliveira et al. (2014)
We also applied different statistical procedures (e.g., probability distribution functions
of pixels, ∆-variance methods) to the computed column density maps to quantitatively
estimate the physical conditions of the clouds. Our results suggest that Chamaeleon I
is reaching the end of its star formation, Chamaeleon II is actively forming star, and
Chamaeleon III has not started this process yet. If these three clouds are part of a
whole complex (as suggested by 12CO observations, Mizuno et al. 2001), the origin of
such differences is extremely intriguing: the possible influence of the nearby Sco-Cen
OB associations via stellar winds, or different magnetic fields strengths could affect the
global dynamics of the clouds and account for the observed contrast in the star-forming
history of these regions.
My main contribution to this work, as in the previous case, was the processing of
Herschel observations of these three clouds.
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A.3 Warm debris disks with Herschel
Herschel/PACS photometry of transiting-planet host stars with
candidate warm debris disks
B. Mer´ın, D. R. Ardila, A´. Ribas, H. Bouy, G. Bryden, K. Stapelfeldt , D. Padgett
Published in A&A. Received 31 October 2013; Accepted 2 August 2014
Debris disks are the remnant of planet formation, and are cold ( 50 K) gas poor disks
made out of planetesimals and dust particles orbiting their host star at hundreds of AUs,
analogously to our Kuiper belt (see Wyatt 2008, for a review). They are common around
main sequence stars (16-20 % FGK stars have debris disks, as shown by Spitzer and
Herschel, e.g., Trilling et al. 2008; Eiroa et al. 2013), and survive for Gyr-long periods
(much longer than gas rich protoplanetary disks). These objects show FIR excess, but
no disk emission in the NIR of MIR regimes: the latter requires dust particles to exist
at a few AU from their host stars, but grains at such distances have very short dynamic
timescales and neither terrestial planet formation nor debris disk evolutionary models
are capable of maintaining such excesses (e.g., Kenyon & Bromley 2005; Wyatt et al.
2007). Their origin is therefore likely transient, and may be caused by planetesimal
collisions in the systems (e.g., as in the case of η Corvi, Lisse et al. 2012; Ducheˆne
et al. 2014). In this work, we presented follow-up observations of warm debris disk
candidates (confirmed planet hosting stars or Kepler candidates, also having IR excess
at 12 and/or 22µm) identified in Ribas et al. (2012) using MIR photometry from the
WISE Preliminary Catalog. Prior to these follow-up observations, Kennedy & Wyatt
(2012) used the updated WISE All Sky Survey to statistically analyze these excesses,
finding that they are likely caused by background IR emission.
To study the presence or absence of cold dust in these system, we obtained Herschel
PACS 100 and 160µm observations of 19 candidates to host MIR excesses as probed
by WISE. The observations reached a 1-σ detection level of 1 mJy in the case of the
100µm band, and 2-5 mJy for 160µm. None of the targets was clearly detected in the
Herschel maps, although few of them tentatively show some FIR extended emission,
especially at 160µm (see e.g. Fig. A.3). However, the projected sizes of these extended
features are of the order of 10 000 AU, and therefore not arising from debris disks in
these systems but likely produced by background emission/sources.
160 A.3. Warm debris disks with Herschel
19h06m28s30s32s34s36s
RA (J2000)
+38°56'00"
20"
40"
57'00"
20"
40"
D
e
c 
(J
2
0
0
0
)
100 µm
KIC3835670
19h06m28s30s32s34s36s
RA (J2000)
+38°56'00"
20"
40"
57'00"
20"
40"
D
e
c 
(J
2
0
0
0
)
160 µm
KIC3835670
19h14m28s30s32s34s36s38s
RA (J2000)
+46°24'20"
40"
25'00"
20"
40"
26'00"
D
e
c 
(J
2
0
0
0
)
100 µm
KIC9703198
19h14m28s30s32s34s36s38s
RA (J2000)
+46°24'20"
40"
25'00"
20"
40"
26'00"
D
e
c 
(J
2
0
0
0
)
160 µm
KIC9703198
Figure A.3: Herschel/PACS observations of two targets in the considered sample:
KIC3835670 (top) and KIC9703198 (bottom). The 100µm (left) and 160µm (right) maps
are shown. The images are centered at the nominal positions of the sources, marked with a red
cross. Extended emission is seen in both cases, probably arising from background FIR sources.
Figure from Mer´ın et al. (2014)
The upper limits computed from the Herschel maps allow us to put some constrains to
the presence of debris disks in these systems. Because of the low photospheric fluxes
at such long wavelengths, these upper limits can only rule out the existence of massive
debris disks such as the one aroundβ Pictoris (Vandenbussche et al. 2010). In the case
of the planet hosting star WASP-33, the upper limits are low enough to also reject the
possibility of it harboring an η Corvi-like debris disk. Combined with the results from
Kennedy & Wyatt (2012), the non-detections in the Herschel/PACS maps imply that
at least most of the warm excesses detected in the sample come from IR background
emission and are not associated to the candidates (Mer´ın et al. 2014). MIR observations
with higher spatial resolution (e.g. VISIR, Canaricam) should be therefore used to
confirm or discard possible warm excesses identified with WISE data.
I contributed to this study by producing the sample of candidates, helping with the
Herschel proposal for observations, and analyzing excesses of the resulting SEDs.
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A.4 Transitional disks with Herschel
Identification of new transitional disk candidates in Lupus with
Herschel
I. Bustamante, B. Mer´ın, A´. Ribas, H. Bouy, T. Prusti, G. L. Pilbratt, Ph. Andre´
Published in A&A. Received 24 April 2014; Accepted 15 January 2015
and
Identification of transitional disk candidates in the center of
Ophiuchus with Herschel
Isabel Rebollido, Bruno Mer´ın, A´lvaro Ribas, Ignacio Bustamante, Herve´ Bouy, Pablo
Riviere-Marichalar, Timo Prusti, Go¨ran L. Pilbratt, Philippe Andre´, Pe´ter A´braha´m
Submitted to A&A. Received 19 December 2014
These two works have a similar aim to that in Ribas et al. (2013), i.e., studying tran-
sitional disks in star-forming clouds using Herschel data. In these cases, we analyzed
the Lupus and Ophiuchus regions. The Lupus complex is formed by several connected
molecular clouds, and is one of the closest star-forming regions(140-200 pc, see Comero´n
2008, for a complete review on this region). It has four main star-forming sites, one of
them (the Lupus III cloud) being very rich in T Tauri objects. The work presented in
Bustamante et al. (2015) focused in the Lupus I, III, and IV clouds. On the other hand,
the Ophiuchus region (Wilking et al. 2008) is located at only ∼ 130 pc. It displays a
dense core (L1688, AV = 50-100 mag) surrounded by several filamentary structures and
contains more than 300 known YSOs. The central part of this region was analyzed in
Rebollido et al. (in prep, see Fig. A.4).
These two works used Herschel data from the Gould Belt Survey (Andre´ et al. 2010),
complemented with data from Rygl et al. (2013) for Lupus, and from Alves de Oliveira
et al. (2013a) for Ophiuchus. We obtained photometry of the samples presented in
162 A.4. Transitional disks with Herschel
Ribas et al. (2014), and produced full Herschel catalogs of YSOs in the regions. We
then complemented them with additional data to build complete SEDs from the optical
to the FIR.
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Figure A.4: Herschel three color composite image of the core of Ophiuchus (blue: PACS
70µm, green: PACS 160µm, red: SPIRE 250µm). This image shows the complex structure of
the cloud and its strong background emission. Figure adapted from Rebollido et al. (submitted).
We then used the slope criterion proposed in Ribas et al. (2013) to look for possible
new transitional disk candidates in the sample. We successfully separate the previously
known transitional disks in Lupus (Sz 91 and Sz 111). In Ophiuchus, we combined
this procedure with an additional criterion based on Spitzer data to identify up to 18
tentative transitional disks candidates. In particular, one new target clearly meets the
slope condition in Ribas et al. (2013) and shows a promising SED (see Fig. A.5), making
it a very interesting new source for follow-up studies.
Because these two works follow Ribas et al. (2013) in several aspects, I was able to
contribute significantly by helping the authors with the analysis of these data and
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providing them with the sample and complementary photometry obtained in Ribas et al.
(2014) for the samples of YSOs.
100 101 102 103
λ (µm)
10-13
10-12
10-11
10-10
10-9
λ
F
λ
 (
e
rg
/c
m
2
/s
)
2MASSJ16281385-2456113
Figure A.5: SED of the new transitional disk candidate identified in Ophiuchus with Herschel.
Blue dots are previous measurements from the literature, red squares show the new Herschel
photometry. The corresponding photosphere is shown as a gray line. The significant FIR excess,
together with lack of NIR excesses, make this new target a strong transitional disk candidate
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A.5 Searching for massive planets and brown dwarfs with
Kepler
Apart from the well known modulation in the radial velocities of stars, planets can have
a variety of effects on their stellar hosts. In particular, close massive planets or brown
dwarfs can distort the spherical shape of the star, producing a stellar elongation in the
direction of the companion. As the system rotates, this will produce a change in the total
stellar surface exposed to the observer, hence slightly increasing the measured stellar flux
(see Fig A.6). Such variations are known as ellipsoidal, and have the additional interest
of providing a measurement of the mass of the planet and therefore an alternative
confirmation of the planetary/substellar nature of the companion (e.g. Lillo-Box et al.
2014). In this work (Lillo-Box & Ribas et al., in prep) we aim at detecting reflection-
ellipsoidal-beaming variations (REBs) in the light-curves of stars observed by the Kepler
spacecraft (Borucki et al. 2010).
By using the different estimates in the Kepler catalog for the systems (e.g., stellar
mass and luminosity, orbital and transit parameters), we selected 914 Kepler Objects
of Interest (KOIs) with values capable of producing REBs in their light-curve. We then
processed the corresponding Kepler light-curves in an alternative way to that of the
standard Kepler pipeline by using splines. This step is required to ensure that the
REB signal is not removed by the processing. We then checked that, in the cases of
known planets with ellipsoidal variations such as Kepler-13b (Mislis & Hodgkin 2012),
we recover the correct shape of the light-curve.
We set a model including the following contributions:
− a transit, using the models by Mandel & Agol (2002) and the limb darkening and
gravity coefficients by Claret & Bloemen (2011),
− reflection, i.e., the phase of the planet,
− the ellipsoidal variation produced by the gravitational influence of the planet on
the star,
− and beaming, which accounts for the effect of the Doppler shift in the photometry.
Given that the photometric Kepler band has a fixed wavelength, its convolution
with the light from the star will change according to its Doppler shift, modifying
the total flux observed.
The models are implemented as in Lillo-Box et al. (2014). We then use a modified MCMC
method (using ensemble samplers with affine invariance, e.g. Goodman & Weare 2010;
Foreman-Mackey et al. 2013) to model the observed data.
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Figure A.6: Stellar elongation produced by a close massive companion as a function of
orbital phase: during transit (top left), at phase= 0.25 (top right), secondary transit (bottom
left), and phase= 0.75 (bottom right). At phases 0.25 and 0.75, the increase of visible stellar
surface reaches it maximum, and so does the flux. At the same time, the phase of the planet
also changes, reflecting part of the stellar radiation and increasing the total flux.
This project is still in progress, but we have already identified several targets with
promising light-curves (see Fig. A.7). The estimated masses of the companions fall into
the gas giant-brown dwarf regimes, which will be confirmed later with radial velocity
measurements. Regardless of the debate on the similar or different origin of brown dwarfs
and planets, all these companions lie very close to their stellar host (a < 1 AU) and
hence are very likely to have undergone a formation process similar to that of planets.
Additionally, some of these objects are found around massive, giant stars, which makes
them extremely interesting targets: given their mass estimates, these planets are likely
hot Jupiters around giant stars. As described in Chapter 3, there is an observed paucity of
hot Jupiters around massive stars, and therefore these objects could help to understand
whether this scarcity of hot Jupiters is an observational effect or if, instead, it could
have any connection with formation and migration mechanisms (e.g., Ribas et al. 2015).
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Figure A.7: Results of fitting the light-curve of KOI 3886.01. Red dots show the processed
light-curve, binned to 500 data points. The black lines show 100 models randomly selected from
the posterior distribution. Both the transit and REB effects are clearly visible.
My contributions to this work have been the retrieval and processing of the Kepler
light-curves, and the implementation of the REB model and MCMC methods.
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